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PREFACE

A large body of data for incompressible turbulent boundary layers has been accumulated over many years by many
investigators. These measurements have revealed elements of the structure of this complex flow. Three-dimensional multiple
scale phenomena have been observed, and there is the beginning of an understanding of the details of the structure and
physics. This will lead to more realistic models and physical understanding, which will be primary inputs into concepts of
control of these turbulent boundary layers and will provide a framework to validate computations.

At high speed, where compressibility is important, there is a paucity of data. The measurements are difficult to obtain
and are not easily analysed. At the same time, there appear to be some possibilities for simplification inherent in -rapid
distortion theory" where the turbulent structure may be "frozen" if the disturbance is of short duration. There is a critical
need for data to evaluate this concept. to provide a base for models of turbulence in compressible flows to compare with
imcompressible flows, to provide a more substantial base for our physical understanding, and to provide a framework for the
evaluation of the extensive computations which are currently underway.

The present AGARDograph is an important start on this key problem of high speed fluid mechanics. This initial work is
of limited range and primarily two-dimensional but it will provide a solid base for extensions, in the future, to wider range
and three-dimensional flows. It should also provide a solid base for the modeller and the computer to evaluate their efforts.

Seymour M. Bogdonoff
Gasdynamics Laboratory
kechanical and Aerospace Engineerig Department
Princeton University
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PREFACE

Un volume de donnides considerable relatif aux couches limites tourbillonnaires incompressibles a 6te accumule au fl
des ann~es par dlifferents chercheurs.

Les mesures effectudes ont permis d'apprecier certains 6I6ments dle la structure de cet 6coulement complexe. Des
phdnom~nes tridimensiortnels multi-&chelle ont &6r observ~s et ceux qui travaillent dlans cc domaine commencent A
comprendre le detail de la structure et les lois physiqucs qui r~gisscnt cc type d'6coulement. (es activit~s devraient
d&boucher sur des mod~les plus repr~sentatifs ainsi que sur la comprehension des ph~nom~ncs physiques. elements qui sont
d'une importance eapitale pour ICdlaboration des concepts de contr6le de ces couches limites tourbillonnaires. et qui
devraient servir de base pour [a validation des calculs.

Tr~s peu de dlonnkes sont disponiblea concernant lea ph~nom~nes observes A grande vitesse. obi [a compressibilite jouc
un role important. Les mesures sont difficiles i faire et l'analyse des resultats pose des problemes, Cela 6tant. il sentblerait
qu'il existe des possibilit~s de simplification qui soicnt propres la notion de "la theorie dc [a deformation rapide" scion
laquelle la structure tourbillonnaire peut etre *ge[6e" si Ia perturbation eat de courte durce.

Aujourd'hui. ii faut recueillir les donnmes permettant d'6valuer cc concept. constituer une base pour la moddlisation de
Ia turbulence dana les 6coulements incompressibles. cr~er une base plus 6toff&e pour Ia comprehension des ph~nom~nes
physiques, et c6tablir les paramntres qui permettront d'6valuer Ics grands travalix dle calcul qui sont entrepris I'heure
actuelle.

Cette AGARDographic eat une premiere approche intdressante a cc problemc cle de Ia m~canique des fluides Ai grande
vitesse. Ce travail priliminaire est d'une tendue limit~e et. pour Ia plupart. bi-dimensionnel. mais il servira de base solide
pour de fitturs travaux. de Plus grande envergure, comprenant les 6coulements tridimensionnels. 11 desrait egalcment scrsir
de base pour Ics concepteurs de modec t lea informaticiens desirant evalucr leurs propres trasaus dans cc donsaine.

Seymour M. Bogdonoff.

iv



I

( CONTENTS

I Page

PREFACE

Reference

INTRODUCTION
by H.H.Femholz and AJ.Smits I

RAPIDLY DISTORTED COMPRESSIBLE BOUNDARY-L&YERS
by J.P.Dussauge, J.F.Debiive and A.J.Smits 2

LARGE SCALE MOTIONS IN SUPERSONIC TURBULENT BOUNDARY I AYERS
by A.J.Smits and J.H.Watmuff 3

SKIN-FRICTION MEASUREMENTS BY LASER INTERFEROMETRY
by K.-S.Kim and G.S.Settles 4

HOT-WIRE ANEMOMETRY IN SUPERSONIC FLOV

by AJ.Smits and J.P.Dussauge

LASER DOPPLER ANEMOMETRY
by D.A.Johnson 6

LASER DOPPLER ANEMOMETRY IN SUPERSONIC FLOWNS: PROBLEMS IJF SLEDING
AND ANGULAR BIAS

by M.Elena 7

FLUCTUATING WALL-PRESSURE MEASUREMENTS
by D.S.Dolling and J.PoDussauge 8

GENERAL COMMENTS ON THE INTERPRETATION OF DATA
by P.J.Finley and H.H.Fernholz 9

REVIEW OF MEAN FLOW DATA
by H.H.Fernholz and PJ.Finlcy 10

REVIEW OF TURBULENCE DATA
by H.H.Fernholz and P.J.Finley I I

THE ENTRIES
by H.H.Fernholz and P.J.Finley 12

REFERENCES FOR CHAPTERS I AND 9 TO 12
by H.H.Fernholz 13



I-I

Chapter 1

INTRODUCTION

by

H.H. Fernholz*) and A.J. Smits**)

*) Hermann-Fbttinger-Institut, Technische Universitat Berlin

**) Gasdynamics Laboratory, Dept. Mechanical & Aerospace Engineering

Princeton University

This volume presents a wide range of recent work on compressible turbulent boundary layers,
and it includes a listing of flow field data from recent experiments, with an emphasis on
turbulence data. It may be seen as an extension of the work by Fernholz and Finley who in 1981
brought to an end the efforts of the EUROVISC working group to collect and to discuss all
compressible turbulent boundary-layer data available at that time. For that purpose data were
presented in a standard format and the data collect'on contained a total of 77 experimental
studies edited in two volumes (AGARDographs 223 (197,) and 263 (1981))*). Twenty-eight of the
experiments reported turbulence measurements, although the data were rather limited in extent,
and in some cases of doubtful accuracy. A third volume (AGARDograph 253 (1980)) provided a
commentary on the mean flow data, together with pertinent remarks on the theoretical
background including the effects of normal pressure gradients and boundary-layer length scales.
A discussion of the turbulence data is provided in AG 263 (1981) together with remarks on
experimental design and technique (for example, Hot-wire Anemometry by V. Mikulla). To avoid
extensive repetition we have assumed readers have access to these three earlier volumes, and
we will make frequent reference to them in this fourth volume.

Since 1981, there has been renewed interest in the behaviour of high-speed compressible flows
with particular attention being devoted to the understanding of shock-wave boundary layer
interactions. There exist three review articles which deal with different aspects of this
problem. After the first experimental paper in the subject by Ackeret, Feldmann & Rott as
early as 1946, it was Green (1971) who presented the first review paper. This paper included
both a discussion of the physics and of an integral calculation method and can even today be
regarded as an excellent introduction to the field. A review of both theoretical and
experimental investigations by Hankey & Holden (1975) laid emphasis mainly on hypersonic
flows up to Mach 14. The extensive numerical work performed since that survey has been
reviewed recently by D6lery & Marvin (1986), though the latter of these AGARDographs
concentrates on the supersonic range with M6 < 4.

More recent experimental and numerical work may be found in the Proceedings of an IUTAM
Symposium (Delery 1986) while AIAA, ASME and APS conferences have seen a rapidly expanding
number of contributions in this area. New turbulence data describing the development of the
turbulence field across the shock/ boundary-layer interaction have become available and they
make up a sufficient number to prompt the issue of Chapters 9 to 13. This would not have been
sufficient material for an AGARDograph but in planning this particular volume it soon became
clear that it would be desirable to augment the compilation and discussion of data in the
mean flow and turbulence field with some other aspects of compressible boundary layers. The
choice of topics was shaped on the one hand by a desire to fill gaps which had been left open
by the previous surveys and on the other hand by a perception of what the important but
perhaps more specialized topics were. Only one topic, computational aspects of high-speed
flows, was specifically excluded, on the grounds that the review of D6lery & Marvin (1986)
made additional efforts on our part unnecessary. In all other respects the items selected
represent an unavoidably biased choice of subjects, mitigated perhaps by the fact that the
individual authors have based their work on direct experience. The subsequent chapters are
not meant to be a review of their particular areas; rather, they were meant to introduce the
reader to a new area with sufficient background material.

The primary attention is focussed on flows which have been disturbed by strong perturbations,
over a relatively short streamwise distance. The choice of these "rapidly distorted" flows as
the subject of this volume was natural in that most of the recent data belong to this area.
We use the term "rapidly distorted" rather loosely without necessarily implying that they can

*) References are given in Chapter 13.



1-2

be described using "Rapid Distortion Theory" (RDT). In fact the next chapter, Chapter 2,

attempts to specify under what conditions it is possible to apply RDT to compressible flow,

and to describe the recent work in this area. In more general terms, many of the flows

presented in the data compilation of Chapter 12 and some in AG 263 were subject to the effects

of "extra rates of strain" in the sense used by Bradshaw (1973). In particular, the effect of

bulk compression or dilatation is of interest in that it appears to influence tho turbulence

directly (Bradshaw 1974). Some recent evidence for the effect of bulk compression is discussed

in Chapter 3. This chapter provides the first review of large-scale motions in turbulent

compressible boundary layers.

Chapters 4 to 8 are all concerned with experimental techniques. Accurate measurements of the
wall shear stress in compressible flows with pressure gradients are very difficult, since
floating-element balances cannot be applied easily and since the problem of determining a
calibration curve for Preston tubes in compressible boundary layers - as addressed by Peake
et al. (1971) - has never been properly resolved. Furthermore, Fernholz & Finley (1980, 1981

and 1983) have shown that the transformed logarithmic law of the wall does not hold in highly
perturbed flows of the type encountered in this volume and that it takes a rather long distance

downstream of reattachment before a Preston tube can be applied again. In Chapter 4, a new
technique based on the time rate of thinning of an oil film is discussed, and it promises to

be a useful technique for strongly perturbed and possibly three-dimensional compressible

boundary layers. Techniques for measuring the fluctuating mass-flux, velocity, temperature and
wall pressure are discussed in Chapters 5 to 8. The primary emphasis of these contributions is
to identify the strength and limitations of these experimental tools. For example, in Chapter

5, constant current and constant temperature hot-wire anemometry are compared, some general

guidelines for correct operating procedures are developed, and the accuracy of each system is
assessed. In Chapters 6 and 7, laser-Doppler anemometry for compressible flows is discussed,
with particular emphasis on the most popular counter-processing techniques, together with some

warnings on the sources of ambiguity and error. Another common experimental tool, the wall-

pressure transducer, is considered in Chapter 8, where some strong conclusions are drawn

regarding the overall accuracy of tile currently available instruments.

The data are presented and discusscd in Chapters 9 to 12. General comments on the interpretation
of the data and of the measurements, on the boundary-layer edge state and the influence of

pressure gradients, especially on the determination of the wall shear stress, are given in
Chapter 9. Issues which deal with the physical interpretation of the data and the influence of
pressure gradients and shocks on the development of the boundary layer are eferred to Chapters

10 and 11. Chapter 10 deals with a general assessment of the mean-flow data, and Chapter 1I
deals with the turbulence data. Finally, the data themselves are presented in Chapter 12 in a
format similar to that used in AGARDographs 223 and 263. The experiments are described in

ENTRIES of which 59 will be found in the first volume, AG 223, 18 in the third volume, AG 263,

and 12 in this volume. These are referred to all four volumes by a reference number such as
CAT 7201. In AG 263 the 18 studies are distinguished by a final S, and in this volume the CAT

number is followed by the letter T. AGARDograph 223, also contains introductory material
designed to assist users of the collection which should be consulted by anyone proposing to
use chapter 12 in this volume. It has not been possible to print all the profile data in
"hard copy" form, so the ENTRIES contain only a selection. The full profile listings are on

floppy disks which are available upon request (see next page).

No microfiche listings are supplied with this volume, since past experience has shown that it
was not very useful.

It is our hope that this AGARDograph will help to stimulate experimenters to odd to the data

so urgently required in this area, and to encourage numerical workers to test their codes
against the data presented here. We especially hope that the turbulence data, though still
scarce, will be used to improve existing turbulence models.

Acknowledgements:

As always we must first give our thanks to all these who have provided us with data. Theirs

is the hard work, often over a period of years, which we presume to criticise, in the belief

that we are competent to assess it.
In the preparation of this volume we owe a particular debt to E.U. Schade, who has

resuscitated our geriatric data-handling programs and continues to provide intensive care as
needed. We thank Frau L. Lindemann and Frau I. Gereke, of the Hermann-F6ttinger-lnstitut, for
preparing, respectively, the written text and the very large number of figures. The AGARD

executive in Paris, M.C. Fischer, has been a constant support, and we have benefitted throughout

from the active interest of Eli Reshotko as AGARD editor.

Finally we thank D.C. Damant Esq. of the Garrick Club, London, who has again provided the

motto for this fourth volume: "Although this may seem a paradox, all exact science is

dominated by the idea of approximation. When a man tells you that he knows the exact truth

about anyth~ng, you are safe in inferring that he is an inexact man." (Bertrand Russel).
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PROCEDURE FOR OBTAINING THE FULL PROFILE DATA LISTINGS FOR AG 315

The full profile data listings which have been compiled and discussed in this AGARDograph are available on 5 floppy discs
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DENMARK Person to contact: Per Ekern
Person to contact: Dr. P.S. Larsen Tet:(47-6)807129-Telex 21682

Tel:02-882222 ext:4732 Tetefax 06-807212

Telex 375290THD/ADK

Telefax 02-882239 Aeronautical Engineering Department

Middle East Technical University
Fachinformati nszentrum Karlsruhe P.K. 06531
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FEDERAL REPUBLIC OF GERMANY TURKEY
Person to contact: Gerd Tittibach Person to contact:Prof.Dr.lng.C.Ciray
Tel(49)7247/82-4991-Telex 17724710 Tel: 2237100/2471:2472:2431
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B.P. 72 Defence Research Information Centre
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FRANCE 65 Brown Street

Person to contact: Mme F. Lhutlier Glasgow, G2 SEX
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Person to contact: or. H.M. Morgan
Scientific i;brary- Air War College Tel: 041-228-2

4
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Dekelia Attiki

GREECE NASA Scientific & Technical
Person to contact: Major Information Facility
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Tel: 2466461 Baltimre Washington International
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CHAPTER 2

RAPIDLY DISTORTED COMPRESSIBLE BOUNDARY-LAYERS

by

J.P. Dussauge , J.F. Debibve , A.J. Smits

* I.M.S.T., U.M. Universitd-CNRS N*380033

Universjt4 d'Aix-Marseille 1I, Marseille, Frane

** Gas Dynamics Laboratory, !rinceton University,

Princeton, New-Jersey 08544, USA.

1. INTRODUCTION

In studying the response if suddenly perturbed boundary lavers, two esteese is .,t ;'.t ti,.

identified :

(1) Perturbations where the effects diffuse slowly throuelh the bondary i i r, -ti I I!,

able to the response tine of the larce eddies. Typical iv, the ven fit-ld ,live,-- -t, ,li t'-+ . -

preserving part of the laver is wonfined to n int-rnal liver.

12) Perturbations which el1ong- the mean nd trbulent fields immediately 1,' , 1 ,: ' ,

The sudden application of a pressore gradiest, ti ,.saipli-, io Oria .i pertr

depending on the stLreIgth ti ths pressr, gradirt. Wliei th prissr, is , ,- w,

turbulence in the onter part ,f the f!lw is at lirst uinatti- tid, and the iss ir- ! i ii , t t' :r.

regin near the wall . This inte rn ,yer crws sI,wl% oitil evetntll 1, the w!ol' tne hdir-

affected bs the perturbti on ( [I-ienl, 197h, Omits .iii'X';-d. 10851. In ,i'ntrist. i.'nii. r - r, : 'rri

is very strong, the changes in the so ti d ,I n id :.,diarelc iff0ert th, t rbt. , ' It ill P ilt, t t i

Reid Dist'rt ion Tlieor, TRD w s o le-ve l fed I- predict the cvoluti onf trl, this

I,,en f p,returbativn. The dit.cttiI is e; i" it i, tE. on the -bulere d Ie ties, Tt .1

t,' th ,Ihara teristic time sle ,,f tile turhiilest cddies. fiirthermie, ii th- -,s, i. ",, t: .
t

the tiihl le, interacts ste,,vlev with 0t, 'ic -- t ' s tl, Is sit, it 1 t v, I l

tr 'cie ii s ioernedl by is Inear set of es(atis is. i!er, , will n t livtr sr

departures rom in unchanged sn-linsar st.Pt- 'sir. ,r reas-is if 'a' ti aI i, trt st ' ' sie, .

"strong" distltion where Isear p drsse , di.insito

Fho basic theory was deer .lcprd hs Rib r .and lii' r 19 ' BIath l r ill , I ' s.-s,-':Ir, ' 1"'1- ,

istropic turbulence in an irrtational mean fiw. 1l1- tie','e was later c-t-snd d t, Iie r f's o e, . fr

rxoi-ple, Moffatt (1967) and townsend (1970)) and sibsqieot diveloipienit s ted Li- id, -ri, tv it ipl ia-

tions. The papers by Hunt (1977), lownsend (1980). Canbon (1982), and the recent reni ,w S ' i Il 1987

provine a comprehensive picture of the current status ci RUT. What seems pairt iilirl s en, ourigaing is th

obset-tiv that depite the strict limits on the appl iability f PDT. the theory often gives qal itaitisel%

useful resslts outside these bounds, as well as providing uiseful giidelins tfr distorted ;tro( tir. -,-lellin.

(Savil l, 1987).

Most of the work in RDT has been confined to incompressible flows. Yet, ompressible flows t repotentiillv

very attractive for the application of RDT. Changes in the meat. Cit ca --- , over ver short distances,

much shorter than is possible in subsonic flows, and the limits of RDT can often be more easily satisfied.

For example, when a boundary layer passes throngh a Prandtl-Heyer fan or a short region of compression,

including the case where the layer interacts with a shock-wave. I!- perturbation can occur over a distance

comparable to the boundary layer thickness. Typically, the pressure gradients are tmch stronger than the

other stress gradients outside the viscous sublayer, and it is to be expected that RDT methods are useful

in the analysis of these flows.

Recently, there has been considerable new interest in applying RDT to supersonic flows. The case of an

irrotational mean flow and an initially isotropic turbulent field passing through a Prandtl-Mever expansion

was considered by Goldstein (1978). Later work by Goldstein (1979), Anyiwo and Bushnell (1982), Zang et al.

(19841, Debiive (1983) and Dussauge and Gaviglio (1987) has notably esxend~d this area.



Before prccceedinl should make a dint inecon '-,Ietwecin Pl (Rapid Distort io:. Theory) and RKcA rlid.

Distortion A- ,nmat ions). InI BPS, the eqsat ions it- obtained by l inear i7ing, the inamentom equat ion, t kb in

t he Fose , - I IcInsfom an cacltinIg t he th rve-d inenojional ISpectrra relatI ed toI the ReynolIds st re ss Al ter

iciteg aton in wane number space., tbeI t urbul ent k mnet i. energy or tbe Shear st resse s are deduc ed. W i thc sac 1

a .,ethad, t be in itialI tbrev-diniens ionalI spec ta oIust be Spec if ied . Unfort unately v, th is i s noe geneei vc

known when tbe LIPSt rein f low i sa shear f low. Moreover , the ini ts o i-eper inentalI wo rk icc supe rsonicI iou

nab e i t more a t trac t inc to con side r the Pnyno ILds s tress evalutr i - , ra the r than the assoc iat ed spec, tera. T11,-

sitnplifi-ttionu of second-order closure needed fer rapid distortion approxinations t, the Reynolds stress

ecquationis a re not straightforward, as pointed ant by Bent i1977). mainly because tercos involving p res--..

tlscrstions msu't he model led. Hlene, lice solutions are not enact. This latter appri, whe,- tie sac.in."

arguments and limit ing processe's emplosved in WIcT a reunsed to approx inatr the P esit-Ids stress e'ccat ions I

what we term RDA.

bhus the ticecrotical work in rapidly distorted compressible flowsc (an he classed into, Iseec acer n- t e-

analoses based on formal I inearunatians of tlce ectcationu of notion 1BPS), aoalyses based n-c the. P aneii-

Bui.oniot jump rel at ions to study shoe b/torbsl ene interact ions IPIIT and PDAI), and ip;yr-cnmatc-n t,- 11c

Peynold 5 stress transport equaic-os to obta in sc'cccd-rdee cilosure (RDA).- These three groups ir, -ncsicr

in secLItins 2, 3 and respectiselv. An attemlpt is made in Section 5 to cl - tecurrins)'c

assles in terms cf the restrictions placed on che mean aid flccctuctcscc fcc Ids, nd -i tic, 1.c

tions. Final ly, in hection 6, the application of rapid distortion melt' o .h I Csac -

ncd the limit, of Ipplicabil it, ire, discussed.

- li L hfINEARIZATIOiN IF SHFEQtcUATIONSi lIp MtOsTO

lerytice qcctiurns c) oticcn ,-an -. el by licceaci-c when ti,- n's-lI 'c.cc , -,'

in-ar tens Mbi- -- dclctiti-' Icecc c-- a ecrs t ci irccl tic-sin I. p

1! RDT -sd cibA ticI i -cs. Il-s- crq-.- litic- -cr- d-is-cd bc- .

Is, the distcrtionmof air inccmpre-ible turbulent flow, severcl o--ii s - clt tee , t

tituc5iscric dancping, the eIffc' If l tlcenlc-linect acelera1tics cr d OIL !ctcfi.

isea, ,r terms.

li c 'i-o's dampiccg is important nole f-c Othi small- et Fca cs or th b--eev-ontaiernc stctcccc s hich

has 'I e, -irc sa and celc Pc-'d, numb-c , tlcc' rfi-t ot visioucts' mac bII megie~ted as I '-c as the- con-

l tita ictcses of crccrg, crantse t - the ceclce Sc l e cno Ce cecclcle. hIts encegs-, ase' ab5cci

time, which dctiices a chatac teecucic time -sAle cit turhiclenic T,, wlcse: is -c iotion of the ticonolds

ncumber (see hec lion 6 foe a ficethcc di-scsion;. F oe snall I -cnoids nombers, Litreneeo-comtacnin-: rung,

and the dissipat inn rangc- base cc la-rc-sernip, the citergy tracefor is r ipid, ard It is small. InI high

Ptyn-ciduoccmber floiws the time sale is larce, andi if t'0-distccticcc is app1lced dccrtng a time 
T

d snail m

pacid tCc T" them the rate 'if c-nrtgv dissipation teecin L-'m tant clueing thi' diutotticn (I, lnc4 as St is not

altered significantlv by thcedistort ios - JiscssecI in hcction h)i. The time scale -- f the- lare eddie-s con

be r--pr reus.ed as T, - q-' where in itga! l,th scal mad iq a Irce, tua t iin4 ve Ics ityv st Icale Ir

enample, p'- 1h/lcc' c I I ihc Lide hLs, 1 -c 1 coic "lv ti v I't U, Ind 11cr' dict tmI Ii scc t ruct h

L,. them Td =fcC. Tce 'nO it i-o T,-~ be 1-'m' t

The effec ts o5f the non-I ioca r terms nay bee limied bs c-nsideringc the cccn.ploccts Of ticc P1 cccating .-

letation a ,that is , ; u 3: ,A

I t n An. j Xs

It will he asumed that the time derinotime is cit the same order as the other terms. To obtain a linear

epsacion cit not iccn the non-l in e ar accveIe ra t Ion t enm need S t-c hev small compaired t o any one lnea r te rm. If

the time derivative is dominant, we requirec

where T is the appropriate Eulerian tine scale. For flews where T = A/U this inepuality becomes

p'/P << 1 12)



If the second term is domin. -, the same requirement as above results, that is, q'/U << I

If the third linear term dominates, the requirement is expressed as the ratio of the turbulent and mean

velocity space derivatives. Since we are particularly interested in strong accelerations and decelerations,

we use AU/L at a representative mean velocity gradient. For example, if it is assumed that a reasonable

estimate for the turbulent velocity gradient is given by its upstream value q'/A , then

L <1< (3)
PAU A

Alternatively, if the turbulent velocity gradient is given by Aq'/L , the resulting requirement is

AU

There are many other ways to interpret and derive relationships (I) and (3). For example, condition (3) can

be shown to be equivalent to the assumption that the turbulence production within the interaction is much

larger than the initial dissipation rate. As for condition (1), if the turbulent time scale is taken to be

the ratio of the turbulent kinetic energy to its rate of dissipation (Townsend, 1976), then
i/2

Tt = q'
2
A, / (q'

2
)

where A is the dissipation length scale. Hence T't=AE/q , similar to the form for T used above. As

poi..-a -ot hy Bradshaw (1973), T' is the time scale of the dcas of turbul.ne in the ahsensc of produc-

tion. Alternatively, it can be shown that condition (1) implies that during tim T. the relative dcrtease

ci kinetic energy due to dis ipation is very small . If the less of kinetic cnergv due t, i -- di-issi nat

is estimted from (SDt) q2() -E = 1''
/ 

/ A2

and is assumed costayt, then (neegration from initial to final stat, gives, t, first 2rder,
tq' q' L

'C AC

and we see that condition (1) impl ies that :<< in odor to pply fDI.

Similarly, an estimate for the total (integral) chance in q' due to the non-linear i -,,lerotion ter is iven

hv the -tinate for its initial calue ( = q'2/A ) multiplied by its tin, of flight 2 = hi11) , when , mni-

ned with condition (11, this implies Aq'/q' << I , as above.

In inampressible flows, when conditions (1) and (L), or - 1) and (1) are satisfied, thee cquations of notions

can he linearioed, and the distortion is called "rapid" (note that the "rapidit"" of the distorti- will

d1"Pt ,.1 th' scale of motii consideredi. I!, ortiouc e the lieariod .putions .a he. slit inti, tin-

matie part and a part coming from the pressure term. The expression for the pressure-derived ter.n rtains

an integral operator (required to satisfy the ini'mpressibility condition) which demonstrates the non-local

properties of the solution. When the mean field is irrotational , the kinematic transport part can be inte-

grated and the solution depends only on the initial and final states, that is, it is independent of the

integration paLth. However, for rotationial mean fields, this pr-',edrt is n.t pssihle; supplementary source

terms appear which depend on the path of integration, and the distortion of ti e turbulence is no loneer

determined solely by the initial and final states of thet mt, flow (s,- Lan-i, 1-2 f- firther details).

The analysis can be extended to compressible flows as follows. Firstly. tht tontinitv equation becomes

l ine a r w h en : / c < i 4 )

Secondly, the momentum equation can be linearized if condit ions (I) to hi -te satisfied. In particular, a

new term D'(ai + ai) appears, whic can be linearized using condition (4i.

The linearization of the transport terms in the entropy equation requires that the velocity fluctuations

are small, whereas the linearioation of the source terms requires that the fluctuations in the viscous dissi-

pition rite 'C/ c , the fluctuations in the dissipation of temperature variance r'/ E and the fluctua-

tions in temperature '/ 0 are all small ompared to unity.

The general solution of these linearized equations is beyond the scope of the present chapter (a detailed

study of the solutions and their functional properties can be found in Levland, 1984). Particular solutions

my be found by imposing restrictions on the mean or fluctuati.g fields. In particular, it is possible to

develop a simplified fornmlotion !hich is general enough to describe a number of particular cases (Debieve.
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1986). The general solution contains a part composed of kinematic and thermodynamic contributions, and

another part which acts as a source term. When the mean entropy gradient is perpendicular to the mean verti-

city, important simplifications are possible. For perfect fluids, such flows were called "oligotropic" by

Casal (1966), and they represent a generalization for comprtssible flows of irrotational incompressible

motion. In our case, for simplicity, we continue to use the e-rm.

Many flows can be described as oligotropic, including steady and unsteady plane flows, and steady three-

dimensional iso-energetic flows. Here, the first part of the solution can be integrated by defining trans-

port operators related to the order of tensors tha: appear. Furthermore, this formulation permits a conve-

nient classification of the previous rapid distortion work in supersonic flows. Only an outline of some

useful results will be given, and the reader is referred to Debieve (1986) for further details.

As a first step, the Euler equation can be written with a gradient for the source terms, thus keeping the

properties analogous to barotropy : 6 ( * + s grad ) grad(h -s - ) .wi~h d dt)s (5)

where 16 is the convective derivative of a transposed vector. That is, for the vector represented by the

coltmn= d + L-
dt 9n

where *e superscript * indicates matrix transposition,

d/dt is the usual derivative along the motion,

3V/Ox is the velocity derivative, s the entropy,

the temperature, h the enthalpy and 8 is such that (d/dt)B = 0

The interesting feature of equation (5) is that a Lagrangian integral of the convective derivaci can be

writtes, and that the right hand side is of potential form.

in the general case, the linearized form of equation (5) is as complicated as the linearized Euler equaticns.
But, when the mean flow is aligotre~pic the complexity of equation (5) reduces considtrably. Hence, for all

cases where the meas flow is two-dimensional, the linearized form of equation (5) reduces to

w' = w + 2j- =  
grad(P ) (6

0 St oh 0
o

with w' v' o s' grad B - a' grad so  . The subscript ( ) denotes the mean field.

Equation (6) has the same form as equation (5) : for oligotropic mean fields the linearization introduces

no new terms and the source terms have a potential form. Hence, w' is formally similar to the velocity

fluctuation in incompressible irrotational flows. By taking the curl of (6), the solution can be obtained

as a Cauchy integral for the pseudo vorticity rot w' ; rot w'/po is transported by the mean motion betweeo

two states, the quantity (rot w'.grad so)/p being constant along the mean motion.

It should be noted that one of the difficulties to obtain a Cauchy integral for the vorticity (e in compres-

sible flow 'omes from the supplementary tesms which are obtained by linearizing the eqoation for vorticity:

d efTw + w div V - grad V. w = R- grad(In p) x grads

To avoid this difficulty, two types of simplifications are generally made. On the one hand, if density and

entropy fluctuations are considered, mean gradients of density and entropy should be zero. We obtain then

the evolution between two states, but the solution holds for only a small number of mean velocity fields.

On the other hand, we can e -sider more general mean velocity fields, but the conditions 0'=O , s'=O have

to be imposed.

However, it is not necessary to take the curl of equation (6) to find the solution : this can be done by

defining a transported part and a part related to pressure. For example, equation (6) can be integrated, as

in Goldstein (1978) and has , 1-tion of the form t w, a OX + grad

The first term of the ri t -ide represents the part transported by the mean field; the second one is
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the irrotational pait associated with pressure. The subscript ( )I denotes the initial state and Ix/X is

the linear tangent application related to the mean field. T is determined from the continuity and entropy

equations, which lead to the relation :

_ Pl-/div(p/y grad ) 8FB-t IC Dt(7)

pI/y div [po /Y( a. grad s O - a' grad $0 a

This general solution is rather complicated. With some supplementary assumptions, it is possible to find

simpler solutions, as follows.

a) Firstly, with the condition grad so 
= 
0 on the mean field, we obtain the case of the irrotational

mean flows. With this assumption the right hand side S of equation (7) depends only on the initial condi-

tions and on the mean flow s'(x,t) s' (X't)

po
-
l
/
Y div [P./>o s' giad Bo X ,

The resulting velocity is given by : a

I Is s~ grad R. + grad 4

where three contributions can be identified : a transported part, a thermodynamic part and an irrotational

part reied to pressure. Note that this result is valid for unsteady mean flows.
b) if we add the condition of mean flow steadiness,we obtain iso-energetic flows where grad 8. can be

related to the other variables by the Crocco relationship. We obtain the following equation for c

9 D - di( gradw = div o(s' I2p + "I)]
4 2o

and w'1 = ' I - Stl This solution was proposed by Goldstein (1978).

c) The following conditions can be added : Either div Pov' = 0 <-> 1- = 0

r, the sound speed is taken to be infinity. Each of these assumptions cancels the propagation term in the

equation for Y , and we obtain :

div (p. grad ') - div Po( 2fp +Ix Wl with w' oI

In this case, the distributions of p and s' can be inhomogeneous.

d) Finally, a limiting case is obtained with the following assumptions

- irrotational mean flow S1 Z 0

- Homentropy grad so = 0

- Uniform mean density grad 0o = 0

- Unsteady mean flow

- div u' 
= 
0

The density is uniform in space but it is time-dependent. s' and p' can be non-zero, but satisfy the rela-

tions : (D/Dt)s' = 0 and 1'6s' grad B0) = I

The equation for ' simplifies to the expression
* 5

V'= - Ii ') with v V I grad

This is similar to the cases studied by Ribner and Tucker (1952) and by Hunt (1977), using a different so-

lution technique. Hunt used it to model the practical case of the compression cycle of an internal combus-

tion engine.

3. SHOCK/TURBULENCE INTERACTION METHODS

The results quoted in Section 2 belong to a class of studies where the solution of a linear set of partial

derivatives is calculated. Another class of linear methods is used to study shock-turbulence interactions

where the shock relations are applied to turbulent fiuctuations of small amplitude using Fourier represen-

tation. The first example of this second class was developed by Ribner (1953). An exhaustive review of this

approach can be found in Anyiwo an Bushnell (1982). These authors also present probably the most complete

calculation of the linear amplification and generation of turbulence through a shock wave. Acoustic waves,

entropy waves and vorticity waves were examined. The amplitude jump relations obtained as in McKenzie

L 
-

._
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and Westphal (1968) were deduced from the linearized Rankine-Hugoniot relations, and for the dispersion

jump relations the frequency and the tangential component of the wave number vector were assumed to be

continuous through the shock. In addition, the "rippling" of the shock due to harmonic incident perturba-

tions was taken into account. The results showed that the linear mechanisms can contribute significantly to

the amplification of incident velocity fluctuations, to the generation of turbulence by interaction between

the shock wave and the upstream entropy fluctuations, and by externally induced shock oscillations.

All the methods described in this Section, and in Section 2 , have used linearized equations and Fourier

representations, and therefore belong to the domain of RDT. As indicated earlier, there also exists a class

of methods where rapid distortion is used to obtain second-order closure of the Reynolds stress equations.

These RDA methods were applied to shock/turbulence interactions by Debieve (1983).

Debieve defined a transport invariant relative to the Reynolds stresses, and developed "shock formulas"

for the stress evolution through a steady shock wave. Turbulent source terms that modify the transport

invariant could be taken into account if they were continuous through the shock, or if they varied like a

Heaviside function. No explicit hypothesis on the nature of the mean field and of the velocity fluctuations

was required. However, a better description of the source terms would probably require Dirac functions source

terms. This work uses some of the hypothesis required by ROT. In particular, it is argued that as the

distortion is very rapid through the shock, the dissipation rate and the inertial transfer are unchanged

and then do not contribute to the evolution of the Reynolds stresses. This analysis leads to a particular-

ly simple expression for the amplification of turbulence by a shock wave. The result depends on the orien-

tation and strength of the shock wave, and it is given by : T2 = K*TI K

with K = I - [E] N*/U2N , where T1 and T2 are the upstream and downstream Reynolds stress

tensors, UN  is the velocity normal to the shock, [JJ is the jump in velocity across the shock,

N is the unit vector normal to the shock, and Na is its transposition. An illustration of this formula

is given in figure 1, which gives a polar representation of the Reynolds stress upstream and downstream of

the shock. The vector OM has a magnitude equal to the variance of the velocity fluctuation and a direction

given by the unit vector m. Note that 6M - ( '.n )2 and sc' - OP - OQ

The initial state correspond to an isotropic tensor and is represented by a circle. The diagram shows that

the amplification through the shock is a maximum in the direction normal to the shock.

M -
C.0

Figure 1: Evolution of the Reynolds stress tenser in a 6* compression ramp flow.

4. SECOND-ORDER CLOSURE FOR SHOCK-FREE FLOWS

In many distortions of supersonic boundary layers, the turbulent fluxes can vary significantly over very

short distances. Since the anisotropy of the turbulent stresses can radically alter, simple closure hypotheses

are no longer adequate. rne approximations used in RUT for second-order closure then become very attractive

as a means for describing the Reynolds stress evolution. As emphasived by Hunt (1977), the effects of a

rapid distortion are mainly observed in the fluctuating pressure terms, that is, the rapid part of the
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pressure-strain terms and the pressure-transport terms.

The influence of a rapid distortion on the pressure transport has not been explored in great detail for

second-order closures. Some examples were given by Oh (1974), Brown and Roshko (1974) and Vandromme (1983)

where most of the attention was directed towards the effect of mean compressibility on the rapid part of

the pressure-strain terms. In particular, the effect of a compressible mean field on incompressible turbu-

lence was examined by Dussauge, Gaviglio (1987) and Jayaram, Dussauge and Smits (1985) who applied RDA to

the Reynolds stress equation to predict the evolution of the turbulent stress tensor in rapid expansions

and compressions. They assumed that the turbulent field was essentially solenoidal,that is, div u' = 0.

In this case, the rapid part of the pressure strain can simply be adapted from low speed formulations by

replacing the mean velocity gradient by its deviatoric. The results of the calculation were in reasonable

agreement with the experimental results.

It is rather difficult to specify the conditions under which the hypothesis div u' = 0 can be used. An

attempt can be made for zero pressure gradient supersonic boundary layers. In these flows, the temperature

fluctuation level (8'---) 
1t 2

/e is generally much larger than the wall pressure fluctuation level (p',) /2/_w

tf it is supposed that this is true in the whole flow, and if the Lagrangian time scales of temperature and

pressure are of the same order, div u' is only produced by the heating due to viscous dissipation and heat

conduction. This result assumes that there is no significant contribution to the fluctuations by shocklets

in the turbulent motion. For small fluctuations in the energetic range, a simple expression can be found
- ' 2cO 6

div ' = - C e ' 2 e
Gpe a y02 0

(see, for example, Dussauge, 1986). By assuming that c and Ee are linked as in low speed flows, and by consi-

dering adiabatic flows in which the Strong Reynolds Analogy relationship applies, (9'/6)(y-1)M2(u'/U)

the order of magnitude of the ratio div u'/(u'/A) can be given as follows

S(div u') Y_ )3 m
3 
M 2 u" (y- I )Mu- /A / jyI s 1 y ,

where m is a Mach number related to velocity fluctuations, that is, m = ( 1
2
) /a , and R is a constant

of proportionality in the expression relating e0 to E6 , i.e. R . 0.4 . The previous expression indicates

that in most practical situations div u' is probably small in supersonic (but not hypersonic) zero-pressure

gradient boundary layers, and then Lw-speed models can be used. On the other hand, in compressions where

shocklets can appear the usual second order closures are probably not applicable. Finally, it should be

emphasized that there exists no complete model taking in account these "direct" compressibility effects.

5. St MARY OF PREVIOUS WORK

The rapid distortion work in compressible flows is summarized in Table 1. In each case, the limits of appli-

cability are given. For Anyiwo and Bushnell's study (1982), where a plane shock wave with an upstream uniform

mean flow was considered, the mean flow is irrotational and homentropic on both sides of the shock wave.

In Dussauge (1987) and Debieve (1983), no particular hypothesis was required for the mean field, although

the application they considered had a two-dimensional oligotropic mean field. In addition, no further hypo-

thesis was required in their analysis to deal with the entropy fluctuations.

In Table 1, the experiments presented in Chapter 12 are indicated by the shaded areas. All the mean flows

are two-dimensional. The properties of the fluctuating field, however, are not clearly defined. If the flow is

not hypersonic, it is likely that the condition of incompressible turbulence is a reasonable approximation for

zero pressure gradient flows (see Section 4) and isentropic expansions and compressions (Dussauge and Gaviglio

1987, Jayaram, Dussauge and Smlts 1985). This assumption is probably not reasonable in interactions with a

strong shock. In a similar way, it is difficult to define the nature of the entropy fluctuations in these

experiments. Since the time of flight is small in a rapid distortion, it seems that the specific entropy

should not change significantly, except through the action of a shock.
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HUNT RIENER GOLDSTEIN ANYIWO
& & DUSSAUGE DEBIEVE

1977 TUCKER 1978 BUSHNELL
1952 1979 1982 1981 1983

a 2 f 0 X X X piecewise no no

0 steady X X hypothesis hypothesis

homentropic X X X piecewise on the on the

o sa e unspecified

Ds'/Dt = 0 X

s,, =K .p~fe

4* . . y . :'I M tvn I *Wtj' w.. 'AR-

Ds'/Dt 0 X

isotropic K X X X

-.. . .otrop.c .. .,

Table I Some contributions to rapid distortion problems in compressible flows.

Is summary, Goldstein's work gives the more elaborate solutions of the compressible linear problem, whereas
Anyiwo and Bushnell's results underline the basic physical problems to be examined in a shock /turbulence

interaction . The details of the analyses of Dussauge and of Debieve are less exact, but they provide

formulations more easily applied to practical situations or to laboratory experiments.

6. DISCUSSION

Here, we discuss to what extent the flows presented in Chapter 12 can be described by rapid distortion consi-
derations. Some answers can be given by the conditions defined in §2. It should be noted immediately that

we are dealing with boundary-layers, i.e. flows with a viscous sublayer where the Reynolds number is low.

Clearly, RDT cannot be applied in this zone. A second consideration is the existence of a region very near

the wall (at about y 015, say), where the turbulence intensity can be very large, so that the small fluc-
tuation hypothesis fails. Hence, only the evolution of the outer part of the layer can be considered by
rapid distortion concepts. The time of distortion is often very small. In the case of an expanded boundary

layer (Dussauge and Gaviglio, 1987) the ratio q'L/UA was about 0.2 for y/6 = 0.3 . Similar values can be
found in compression ramp flows: in the flow sketched in Figure 2, the time of flight through the leading

shock is very short. In the case when the flow is separated however, a continuous compression fan follows

the leading shock. In this case, the interaction length is increased, and the distortion becomes slower. A

typical value for y/60 0.4 in the 24' compression corner studied by Selig et al. (1987) is

q'L / UA ' 0.4 for y/6 = 0.4
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5hock .- 5eporoted
unsteadiness zone

Figure 2 t Scketch of a typical interaction

These estimates are questionable, because they use the upstream values of the turbulent scales. Yet, the rate

of dissipation and the rate of energv transfer can be modified by the distortion. In expanded flows, the

effect of mean compressibility is to shift the energetic range to the low wave numbers, i.e. to the large

wave lengths. In contrast, in a compression, the wave numbers become larger and the energy containing range

is brought closer to the dissipative range. Therefore, the energy transfer in compressions can produce non

linear effects and limit the range of validity of the RDT.

This point however is probably not critical: if condition (3) is fulfilled, the production of turbulence

(or of Reynolds stress) is much larger than the initial energy transfer rate. If this rate changes slightly

in the distortion the analysis will still hold, if the order of magnitude argument remains unchanged.

The main danger of an extensive use of the criteria defined in §2 is that they postulate that any transfer

of energy takes a lng time when the Reynolds number is large. An interesting peculiarity of the supersonic

flows is that in a short time small scale turbulence can be created. An example can he found in Husaini,

Collier and Bushnell (1985) who calculated the interaction of an entropy spot with a shock-wave. After the

interaction, two small structures replace the initial one. Another possibility is the generation of turbu-

lence by shock corrugations produced by the fluctuations . Hence it is necessary to check if the linear

approximations still hold. This was attempted by Zang, Hussaini, Bushnell (1984) who made numerical stimula-

tions of two-dimensional fluctuations passing through a shock, by solving the full Navier-Stokes equations.

They compared this solution to the results of the linear analysis given by Anyiwo and Bushnell (1982).

They found that the linear solution was very robust, and that in many cases the non-linear effects could be

neglected, except for oblique waves near critical angles.

As to the comparison between analyses and measurement, Dussauge (1981),Jayaram,Dussauge and Smits (1985) and

Debieve (1983) presented results for several different flows. The comparisons were very favourable, except in

the near wall region of the flow calculated by Jayaram et al. However, this good agreement does not prove

much, for the increase or decrease of the Peynolds stresses was rather weak and the comparisons were made for

only one turbulent stress component. Other considerations were developed mainly by .ayaram, Taylor and Smits

(1987) to interpret experimental results obtained in several configurations. It was argued that, if the linear

mechanisms dominate, the results should depend mainly on the initial and final states, and not on the way

the distortion is applied. In different 8' compression flows at Mach 3, it was found that the downstream

turbulence profiles were practically identical, whatever the way the compression was produced. For larger

compression angles, some departures in the results were observed (Smits and Muck, 1987). A difference
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in the flow is that the shock and all the flow downstream both become unsteady. Part of the difference can

probably be explained by the turbulence generated by the mechanism of an "externally driven" shock-wave.

However, it is not clear that in separated flow the shock motion can be considered independently of the

excitation due to turbulence.

Finally, some results were obtained by visualization and high speed ilms of the 24' compression ramp flow.

It appears that downstream of the leading shock, in the zone were the compression is more progressive,

"shocklets" are produced from time to time. This observation is confirmed by turbulence measurements which

show a highly intermittent signal across the whole thickness of the layer. As these phenomena occur over a

distance of several boundary layer thicknesses, and as the focusing of Mach waves is a non linear phenome-

non, it seems obvious that the turbulence in this complicated flow cannot be described by a linear analysis.
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CHAPTER 3

LARGE SCALE MOTIONS IN SUPERSONIC TURBULENT BOUNDARY LAYERS

by

A. J. Sits and J. H. Watmuff
Casdynamics Laboratory, Dept. Mechanical & Aerospace Engineering

Princeton University

I. INTRODUCTION

Chapter 12 lists a number of experiments performed at the Gasdynamics Laboratory of Princeton

University, encompassing zero pressure gradient and adverse pressure gradient flat plate boundary layers,

flows over concavely curved walls, and shock-wave/boundary layer interactions. The Reynolds-averaged

turbulent stresses, and the corresponding mean-flow data are listed, with a brief description of the

experimental conditions. In addition to obtaining time-averaged results, a large number of other

measuLements were taken in an attempt to describe the time-dependent behavior of the turbulent field.

These data do not easily lend themselves to the kind of presentation given in Chapter 12, yet they can

provide the kind of fundamental insight into the structure of the turbulent field which is so necessary

if we are to improve our understanding.

In this chapter, we summarize these results, in the hope that our remarks will provide useful

information for the modelling of supersonic turbulent boundary layer behavior. In some ways, the data

base is rather limited. For oxample, the undisturbed boundary layer is the same in each case, with an

approximately adiabatic wall, a freestream Mach number of 2.9, and a momentum thickness Reynolds number

of about 80,000. On the other hand, a wide range of perturbations in pressure gradient and wall curva-

ture were investigated. Apart from anything else, only Owen and Horstman (1981), and Robinson (1986)

have presented similar results, and therefore the Princeton results become interesting simply because of

-msi rrity.

Earlier flow visualization evidence gave a strong indication that large-scale motions exist in

supersonic boundary layers. As early as 1958, James presented some astonishing shadowgraphs of transi-

tion on bodies of revolution over a wide range of Mach numbers, Reynolds numbers and heat transfer

rates. Two examples are given in Fig. I. Note that these axisymmetric flows minimize the spatial

integration of the shadowgraph technique, and the images give an approximate view of a flow cross-

section. The first example clearly shows intermittent transition to turbulence similar to the turbulent

spots observed in subsonic flows. The second example shows the development of an axisymmetric boundary

Figure l(a). Shadowgraph of pencil model in free Figure l(b). Straight tube; M. 3.1; Ue/C
flight; M.- 3.9; Ue/v c 2.2x1l0/in.; wind tunnel 3.lxl0/in.; wind tunnel "air-off"; conical
"air-off"; conical light field (from James 1958). light field (from James 1958).
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(a) (b)

Figure 2. Structure inclined at approximately 450 can be seen in these
shadowgraphs of boundary layers over axisysmetric bodies-of-revolution
(details from photographs taken by A. C. Charters-Van Dyke. 1981.
(a) M. = 1.8; (b) . = 2.5.

Figure 3. Enlarged schlieren photographs of flow (a) on the floor of the
duct and (b) on a flat plate (from Deckker 1980).

layer, and a coarse "layered" structure is evident in the turbulent part. Further shadowgraphs of

boundary layers on bodies of revolution are shown in Fig. 2. In Fig. 3 boundary layers developing after

the passage of a shock are made visible using a focussed schlieren technique. In all cases, quite marked

and regular striations are visible near the wall. The characteristic angles seem to lie between 400 and

600 to the wall.

These photographs prompted the quantitative work described below. We were curious to determine the

nature of these striated structures, and to try to relate them to similar observations in subsonic flow

(as given, for example, by Head and Bandyopadhyay 1981). We were also interested in the behavior of

these structures in flows with pressure gradient and wall curvature, to extend the general understanding

of large scale motions in boundary layers, and to determine the universality of these motions.

Of course, these investigations are still in progress, and it is far too early to make any sweeping

conclusions. Some of the research discussed in this chapter has not yet been public.hed, and some of our

results are still ambiguous. Nevertheless, our observations have been intriguing, and it is perhaps

useful to present them here, despite their premature nature.

In Section 2, we begin with a discussion of the zero pressure gradient case, corresponding to CAT

8603. This case has been investigated the most extensively, and many of the measurement and analysis

techniques used in the later work were first introduced here. The second flow is the flat plate boundary

layer with an externally imposed pressure gradient corresponding to CAT 8601. We continue Section 2 with

a discussion of two examples of a boundary layer on a concavely curved wall. In the first case, the wall

was shaped to have the same wall pressure variation as the flat plate flow adverse pressure gradient case

(this flow corresponds to CAT 8501 Model II), and in the second case the radius of curvature was de-

creased and the turning angle was increased to produce a stronger perturbation (see CAT 8702). In the

early stages of these investigations, we made extensive use of the VITA method of conditional sampling.

As our experience grew, so did our misgivings regarding the way we were using the technique. These

considerations prompted an evaluation of suitable conditional sampling methods, and some of these

thoughts are given in Section 3. A general discussion of the results is presented in Section 4.

This chapter represents a summary of the work performed by Eric Spins, Emerick Fernando, John

Donovan, Mike Smith, Michael Selig, and Amy Alving. If there is any credit to be had, it properly

belongs to them. Our appreciation is also expressed for the support given by our sponsors: AFOSH Grant

85-0126 monitored by J. Mcichael, and NASA Langley Grant NAG-I 545 monitored by W. Sawyer and D. Raynes .
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2. OBSERVATIONS ON LARGE-SCALE STRUCTURES

The upstream boundary layer is described briefly in Chapter 12 (CAT 8603), and further details were

given by Spina and Suits (1986, 1987). The flow had a freestreasm Mach number of 2.87 (± 0.01) with a unit

Reynolds number of 6.5 x 107/m (+ 4%). The walls were approximately adiabatic and the freestreas

turbulence level was 1 to 1.5%. The test boundary layer developed on the tunnel floor, and the

measurements were centered around a point 2210 - downstream of the throat. The boundary layer thickness

6 at that point was 28 a, where 6 is defined as the point where the total pressure reaches 9M of its

freestream value.

The experimental techniques for all turbulent structure measurements were similar. Briefly,

turbulent fluctuations were recorded at several locations simultaneously, providing spatial and temporal

information about the structures. Constant-temperature hot-wire anemometry was used at high overheat

ratios to obtain an output approximately proportional to fluctuations in mass flux (Smits et al. 1983),

and since the correlation between density and velocity fluctuations is about 0.8 (Dussauge and Gaviglio,

1981) we have often used the assumption that the mass-flux signal is approximately proportional to either

density or streamwise velocity fluctuations.

For multi-wire runs, a special hot-wire support was designed to hold four normal wires in two pairs,

one pair above the other, and the two pairs of wires could be moved relative to each other vertically

(see Fig. 4). No data were actually taken using all four wires; however, runs were made using both two

and three hot wires simultaneously.

Where possible, measurements of the wall pressure fluctuations were made using four identical

miniature differential pressure transducers. The transducers were mounted in-line in a cylindrical plug

(see Fig. 4), which was then fitted in the test section floor. The plug ould be rotatcd through 360,

yawing the transducers relative to the flow.

By combining the use of wall-pressure transducers and hot-wires, simultaneous measurements of the

instantaneous wall pressure and instantaneous mass flux were made. The hot wires were placed at

Figure 4. Arrangement of hot wire probes and
wall pressure transducers.

i57
1i

(p j Y', 37

1"

Figure 5. Fluctuating mass-flux signals from 3-wire probe.
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different points in the flow (relative to the wall-pressure transducers) to obtain a wide spatial

resolution of the flow field. Conditional sampling and time series analysis were then used to deduce

both the mean and instantaneous behavior of the large scale structure.

To begin the discussion of the results, consider the time records of (pu) obtained in the zero

pressure gradient boundary layer from three hot wires (Fig. 5). The signals exhibit a very similar

character, indicating the passage of organized motions of a scale larger than the separation distance

between the top and bottom wires.

The space-time correlations for the signals from two wires are shown in Fig. 6. The peak values ofI the correlations are quite high, reaching a maximum of 0.65 near the middle of the boundary layer. More

importantly, the dimensionless delay time (T* = r Uj/6) corresponding to the peak of the space-time

correlation, ma, , decreases from 0.4 (T 20 + 0.5 is) at the floor to nearly zero at the edge of

the boundary layer.

The high peak level of the correlation and the non-zero value of the time delay imply that both wires

are detecting the same "disturbance", and that one wire is detecting it before the other. Since the time

shift was applied to the upper wire, the peak at negative T' means that the upper wire detects the

disturbance first, that is, the disturbance leans downstream. Accordingly, an angle e can be defined for

this "front" by using the value of r_, along with the wire separation distance, L , and the local mean

velocity. That is,

arctan
UTnax

Strictly speaking, the local streamwise convection velocity should be used to determine this angle

(Robinson 1986, Brown ancd Thomas 1977), but the convection velocity has not been determined for this

flow. However, the difference in the mean structure angle owing to small variations in the convection

velocity is small, and therefore the average velocity was used here.

The angle I may be called an "average structure angle," in that it is associated with an average

large-scale motion. The results from three different traverses can be seen in Fig. 7 as a function of

position in the boundary layer (at the midpoint of the boundary layer the resolution of the time shift

corresponds to an angular uncertainty of + 30). The angle is small near the floor, increases quickly to

about 450, and it remains constant at this value throughout 70% of the boundary layer. Finally, the

angle shows a rapid increase at the edge of the boundary layer. Note that the distribution of the

structure angle seems to be independent of the two different separation distances chosen. The distri-

bution of 9 is in accordance with Head and Bandyopadhyay's (1981) observations in a subsonic boundary

layer at lower Reynolds numbers. They observed hairpin loops which displayed small angles near the floor

and 450 through the central portion of the boundary layer, followed by a slight increase near the edge.

While the present study traverses two "detection probes" through the boundary layer at a fixed

separation distance (small compared to 5 ), most other measurements of this kind have used one detection

probe fixed at the well (a hot wire, a shear stress gauge, or some similar device) and another probe

which wan traversed through the boundary layer, thereby varying the separation distance. The fixed

separation method used here results in a typical mean structure angle of 450, while the variable separ-

ation method seem to give a lower characteristic value: in supersonic flow Robinson (1986) found

30" and in incompressible flows Brown and Thomas (1977) found 180, whereas Rajagopalan and Antonia (1979)
found 12.5", and Robinson (1985) found 16". The advantage of the present method is that the slope of the

structure is determined locally, instead of being inferred from a large-scale measurement. This differ-

ence is reinforced by recent measurements taken by Alving (private communication) in incompressible

flow, using the fixed separation technique described here. The results, shown in Figure 8, were taken in

a flow with Reg = 5000, 5 = 21 m, and U = 31 m/s. The separation distance between the hot wires was

0.13 . Clearly. these incompressible results are similar to the compressible results, and both sets of

results give higher structure angles than those found by previous researchers using the variable separ-

ation method.

Using the same upstream flow conditions used by Spins and Smits for the zero pressure gradient layer

discussed above, Donovan and Smits (1987) investigated the mean structure angle distribution following a

short region of concave surface curvature using two different flow models: one which turns the flow

through 80 with a radius of curvature of 1270 so (6/R = .022), and the other turns the flow 6P with

A/R = .08. Fernando and Smitm (197) made similar measurements on a flat plate following a short region

of adverse pressure gradient. In that case, the pressure gradient was generated by a contoured plate,

I
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Figure 6. The space-time correlation of
mass-flow fluctuations throughout the boundary
layer. Hot-wire separation is 0.16 (froi Spine

,4 and Smits 1987).
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designed so that the pressure distribution matched that of the go model using by Donovan and Smits. The

distribution of the structure angle for all three flows is seen in Figure 9, along with the zero pressure

radient case. The general shape of the distribution remains the same an in the zero pressure gradient

p case. However, there appears to be a small increane in the structure angle after each of the three

perturbations. Furthermore, the structure angle after the stronger curvature is slightly higher than

after the weaker curvature. Donovan and Smits suggested that the perturbation rate wan too rapid in the

stronger curvature model to allow readjustment of the large-scale motions, and thus the angle of inclin-
ation is affected. It appears that the same preliminary conclusion can be drawn for all three of
the flow perturbations, since they all exhibit the same trend.

The average structure measurements reported here and elsewhere are very useful in establishing the

existence of large-scale structures. However, the key to a physical comprehension of these structures

lies with understanding the behavior of individual structures, that is, their instantaneous character-

istics.

Conditionally sampled mass-flux results were reported recently by Spina and Smits (1987). Events

were detected using the VITA method introduced by Blackwelder and Kaplan (1976). By computing the

VITA ensemble average of events from three different hot wires, structure angles were computed which were

nearly identical to those found from space-time correlations. Thus, it appears that VITA can detect

events which make the dominant contribution to the time-average structure angle.

This result has been used by Smith at Princeton (private communication), to interpret schlieren

images of the boundary layer structure. Smith used a real-time analog of VITA to condition on the mass-

flux fluctuations from a hot-wire probe to detect strong, large-scale motions. Upon detection of an

individual structure, a light source was flashed to record a microsecond-exposure schlieren image. The

use of a hot wire as a detection probe counters some of the spatial integration effects present in

schlieren images. A typical image is repr duced in Fig. 10 along with the hot-wire output and the

detection signal. Structures extend the full height of the boundary layer, an indicated earlier in Figs.

I to 3, and they display considerable variation in their characteristic angle. Similar results can be

Flash delay - 6 ps

0.86

signal

Flash

Figure I. Microsecond schlieren video image of zero pressure gradient
supersonic: boundary layer taken by Smith and Smits HS9).
The hot -wire probe at left is located at y/6 O., and its
corresponding signal is shown at the bottom of the picture
along with the detect ion signal. The time scale corresponds
approximately to the length of the picture, and the flow is

from right to left.
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.4
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.2

.4

(b)

.3

Figure 11. Microsecond schlieren video image .
by Donovan of a supersonic boundary layer in an
adverse pressure gradient generated by a
concavely curved wall (61R = 0.08, turning angle 0
160). The dark shadow outside the boundary
layer indicates the presence of a strong r -,
-mpression fan.

.3

.2

Figure 12. Probability distribution of
individual structure angles: .1

a) y/6 0.1, 115 events
b) y/d 0.3, 306 events
c) y/6 0.9, 75 events 30 0 90
(from Spina and Smits 1987). 0

deduced from Fig. 11, which shows the flow over the concavely curved wall used by Donovan and Smits (the

second curved wall, with 160 turning). The average angle appears to increase, in agreement with the

results given in Fig. 9, but there exists a wide dispersion. Therefore, an analytical technique wan

devised to determine the individual structure angles from the fluctuating signals of the double hot-wire

probe (wire separation of 0.09 ). The algorithm was described in detail by Spine and Smits (1987). In

summary, the technique searches for highly correlated, highly energetic events occurring in both signals

"near-simultaneously", and deduces an instantaneous stricture angle from their separation time. VITA was

used to detect the events but it should be noted that this method is not dependent on the VITA technique,

per se; any conditional sampling technique can be used to find the energetic portions of each signal.

To achieve a sufficient number of realizations of the instantaneous angles, data records four times

as long as usual were analyzed (i.e., 98304 data points instead of 24576). The number of accepted pairs

was approximately 60% of the number of VITA events which implies that 60% of the events were large enough

to span both wires. The first point of note is that the average value of the instantaneous angle matched

the mean structure angle very well. The values at the wall were slightly higher than those shown in Fig.

7, but the distribution through the rest of the boundary layer wan virtually identical. The standard

deviation of the instantaneous angles was computed to be about 20' throughout most of the boundary layer,

indicating a large spread in the inclination of the structures. A histogram was computed and it is shown

in Fig. 12 for three points in the boundary layer. Near the floor, the majority of the structures have

an angle below 450, with the most populated state being 15-30o, and very few structures with an angle of

90. Away from the wall (y/6 = 0.3), the structures shift towards 450 with an increased population at

900. (A the edge of the boundary layer (y/ = 0.9) the population between 75-90' has increased dramati-

cally, and it becomes dominant.

These trends can be interpreted in terms of the hairpin model of turbulence. In this model, the

characteristic structures in the boundary layer are hairpin loops, and hairpins of all sizes populate the

boundary layer (see, in particular, Perry and Chong 1982). A typical hairpin vortex (see, for example,

Smith 1984) consists of elongated legs at the floor, a central portion inclined at 450, and an upturned

head at about 90'. If the instantaneous angle distribution was measured in this artificial boundary

layer, the range of structure angles near the wall would vary from 0 to 900, with the lower angles
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Figure 13. Space-time correlation between a wall-pressure signal and a
hot-wire mass-flux signal (from Spina and Smits 1987).

dominating since the aid- to large-scale structures would not display high angles near the wall. Away

from the wall, the angle of the central portion would dominate, with a slightly higher population near

900 due to the upturned heads of the structures of that size. Finally, near the edge of the boundary

layer, the dominant angle would be close to 900
, 
since nearly all structures extending to that height

would have upturned heads at that point. The distributions described for this idealized came of a

"forest" of hairpin loops are similar to those seen in Fig. 12, suggesting that the large-scale struc-

tures found in this compressible flow are consistent with the hairpin structure interpretation.

Further support for the hairpin-structure hypothesis comes from the cross-correlations between

pressure fluctuations at the wall and mass-flow fluctuations measured at various points within the

boundary layer. Figure 13a shows the correlations with the hot wire located at 0.455 downstream of the

pressure transducer, while Fig. 13b shows them for a streasw~ise separation of 0.91V .

The first oint of interest is the rather low level of correlation, with a maximum peak of 0.22.

This low level was observed for even the smallest transducer separations and can be ascribed to the

differences in the frequency content of the pressure and mass-flow signals. Secondly, doubling the

separation of the transducers did not change, the level of the correlation significantly. furthermore,

the general shape of the correlation was retained (the small peak at a negative value Of T , followed by

I- .1m
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a sharp rise to the major peak). Hence, the structures appear to retain their shape and coherence as

they are convected downstream. Figures 13c and 13d show correlations for spanwise separations between

the transducers of 0.116 and 0.456 respectively (both also have a stremawise separation of 0.096 ). We

see that the results in Fig. 13c show a slight decrease in correlation level when compared to the

previous results which had no spanwise separation. In addition, in Fig. 13d, we observe that with an

increased spanwise displacement, the correlation has decreased to half its original value, suggesting

that the structures have a very limited apenwise extent.

The spanwise wall-pressure correlations were complemented by spanwise mass-flux correlations for the

flat plate adverse pressure gradient case investigated by Fernando and Smits (1987). Peak mass-flux

cross-correlation coefficients obtained from different wire spacings and orientations are plotted in Fig.

14 for stations upstream and downstream of the interaction. There appears to be little change in the

relatively-high correlation coefficients through the interaction. The structures maintain their non-

dimensional spanwise and vertical extent. Furthermore, the peak correlation coefficients for the

spanwise separated wires are only slightly lower than for the vertically separated wires. There is

significant correlation in the spanwise direction over distances of 0.26 . This is contrary to Spine and

Smits' conclusion based on wall pressure mass-flux correlations, as given above, that these motions are

of limited spanwiae extent, of the order of 0.1.S . This apparent contradiction may be resolved by the

following two arguments. It is seen in Fig. 14 that the correlation coefficient between the spanwise

separated wires decreases as the wall is approached. This implies that the structure is of smaller

snanwise extent near the wall, as suggested by Moin and Kim (1985) based on their Large Eddy Simulation

data. Hence wall pressure mass-flux correlations must drop off faster than mass-flux cross-correlations

between hot-wires. The second argument relies on the lower peak cross-correlation between the two

vertically separated wires closer to the wall. This indicates that the structure becomes less coherent

closer to the wall sgain explaining why wall pressure hot-wire mass-flux correlations must drop off

faster than mass-flux cross-correlations between hot-wires.

symbol X= k/bref
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3. CONDITIONAL SAMPLING TMCRNIQJS

In the work described above, the primary basis for conditional sampling was the VITA technique, and

it was applied to signals obtained from a normal wire, that is, to the time varying u' signal as derived

from the (pu)' signal using the Strong Reynolds Analogy. The results obtained in zero pressure-gradient

high-Reynolds number supersonic flows agreed well with similar results from subsonic, low Reynolds number

flow (Spina snd Smits 1987). However, it is not all clear how these "VITA events" can be interpreted

physically. The interpretation is limited by the fact that VITA is a single point criterion, applied to

measurements of a single component of the turbulent fluctuations. Our current emphasis, therefore, is to

improve the detection technique to the point where the detected events can be given a more complete

physical interpretation.

We first found that the VITA technique could give a distorted picture of the flow structure when we

began to use a crossed wire probe to examine the instantaneous values of u', v' and u'v' (Fernando et

al., 1987). The shear stress signal u'v' is highly intermittent, with sharp excursions from the back-

ground level, and it is extremely suitable for conditional sampling. A simple threshold criterion

was used to detect the events which make the greatest contribution to the sheer stress. (We used a

threshold = 2 u'v'). These events are obviously of great practical interest. The u and v events were

then clarified into four quadrants: quadrant I (u+, v+), quadrant II (u-, v+), quadrant III (u-, v-),

and quadrant IV (u+, v-).

The results are very revealing. Typically, the ensemble-averaged events are strong, and rather

simple in shape (see Fig. 15). In particular, it should be noted that the u' event is single-sided, that

is, it is either positive or negative. In contrast, when VITA is applied to the u' signal (instead of

thresholding on u'v'), the event is doubled-sided, as shown in Fig. 16. These results suggest that VITA

detection is subject to ambiguity, probably caused by the superposition of two types of events which can

only be separately identified by using quadrant analysis.

To explain the concept, consider two individual u' events detected by the shear stress criterion, one

lying in quadrant I and the other in quadrant IV of the u-v plane. Both are single sided events. If

VITA detects both these events as positive by checking the slope at their centers, the ensemble average

quadrant I quadrant 2 qusdrant 3 quadrant 4

threshold=2iui, threshold = -2 ,uv, threshold = 2<v) threshold =-21uv)

2. 2.0

_0 1. 0.0

-2. -2.0

2. 0 2.0
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Figure 15. Esemble-averaged events based on threshold detection applied
to u'v' signal at y/d 0 .65: Quadrants I (u+, v+);
II (u-, v+); III (u-, v-); TV (u+, v-). (Fernando et al. 1987)
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Figure 16. Ensemble-averaged events based on criteria applied to the shear stress (from
VITA at y/6 = 0.65 (from Fernando et al. 1987). Fernando et al. 1987).

of these two events would be a two sided event. Figure 17 clarifies the concept. Depending on exactly

where the VITA technique checks the slope, these events could have been picked up as negative events,

giving a two sided negative event. This may explain why positive and negative VITA events are nearly

mirror reflections of each other, about the velocity axis.

It can be argued that the quadrant method is a more physically realistic method to use as a detection

criterion, since the detected events are associated with high levels of shear stress, whereas this is not

necessarily true for the ensemble averages derived frots the VITA technique. It seems better, therefore,

to conditionally sample 'irectly on the u'v' signal rather than on the u' signal, es with the VITA tech-

nique. In particular, 1) the detected events then contain a large fraction of the shear stress; 2)

similar patterns of uv are grouped together, unlike VITA, and therefore stronger, more clearly defined

ensemble averiges result; 3) the events are consistent with simple boundary layer hairpin vortex models;

and 4) the detection criterion has no preset bias towards any particular frequency, unlike the VITA

detection function.

4. DISCUSSION

For the zero pressure gradient case, the experiments showed that large-scale structures, inclined at

about 450 to the wall, appear to fill the major extent of the boundary layer. As they convect down-

stream, these structures retain much of their shape and character, and preserve their identify for at

least 1.5 6 . However, the spanwise extent of the structures is rather limited. The average and the

instantaneous behavior of these structures was found to be consistent with a distribution of hairpin

vortex loops. Furthermore, the effect of compressibility on the large-scale organized structures in an

undisturbed turbulent boundary layer appears to be small. For example, the deduced structure angles from

this investigation are consistent with Head and Bandyopadhyay's (1981] observations and Alving's recent

measurements in incompressible flow. The eddy angle is low near the floor, increases quickly to 450

(where it remains throughout 70% of the boundary layer), and increases again near the edge of the

boundary layer. For the flows with adverse pressure gradients, the structures appear to have a higher

characteristic angle, although the measurements and flow visualization suggest that a strong pressure

gradient is required to make a noticeable difference.

The measurements in fully developed turbulent water-channel flows by Johanason and Alfredson [1982]

using VITA conditional sampling show a strong similarity to the VITA conditional results presented by

Spins & Smits (1987). Furthermore, the ensemble-averaged positive VITA events detected in incompressible

flows by Thomas and Bull (19831 were found to be strikingly similar to the mass flow events observed in
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the zero pressure gradient case. However, although VITA conditional sampling is a very useful technique,

it does have limitations. When this technique was applied to a u'v' signal obtained from a crossed-wire

in an undisturbed supersonic boundary layer, the conditionally sampled signal consisted only of negative

and positive spikes. Yet, the resultant positive ensemble average event contained a combination of

positive and negative excursions about the mean. Thus, these ensemble averages are not representative of

the signal shapes in the original signal. Conditional sampling techniques based on the quadrant method

appear to be less ambiguous and more physically meaningful. The drawback of the quadrant method is that

u' and v' information is required, and unfortunately crossed-wires are difficult to use in supersonic

flows. Wire breakages are very comon, strain-gaging is often a problem, and spatial resolution is

usually rather limited (Fernando et al. 1987). Nevertheless, it seems essential to develop the crossed-

wire technique for future investigations.

Refined flow visualization techniques are also essential. At present, we are developing a method of

conditionally sampling schlieren images of boundary layer structure in supersonic flow. This technique

is based on that described in Section 2. A hot-wire probe is used to detect the presence of strong,

large-scale motions by using a real-time analog of the VITA detection method. Upon detection, a light

source is flashed to record a microsecond exposure schlieren image on video tape. The hot-wire output is

recorded simultaneously on the same video frame, and a typical image is shown in Fig. 10. The image was

recorded using a CCD camera with linear gain so that the intensity can be linearly related to density

gradient, and images can be added to obtain an ensemble-averaged picture. The conditionally sampled

nature of the images means that we record only large events which are in the plane of the wire. We hope

this method will remove the spatial integration effect of schlieren images. The preliminary results

presented by Smith and Saits (1986) look encouraging.

Smith has also recently made high speed (40K frames/sec) laser schlieren movies of a supersonic

boundary layer which clearly show the presence of strong large-scale motions convecting within the layer.

Figure 18 is a typical sequence of alternate frames taken from one of these movies. (The camera exposes

frames alternately on either side of the film). Although is it poassible to "threshold" the schlieren

images so that only the very strongest structures are detected, the spatial integration inherent in the

schlieren technique makes it difficult to produce convincing images of individual structures. One way

around this problem may be to photograph laser sheet cross-sections through smoke or some other light

scattering medium introduced at some strategic point in the flow. Unfortunately, it is difficult to

provide sufficient light intensity to record the images on movie film or still photographs. Further

work is in progress.
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SKIN-FRICTION MEASUREMENTS BY LASER INTERFEROMETRY

by
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SUMMARY

The measurement of skin friction in rapidly distorted compressible flows is difficult,
and very few reliable techniques are available. A recent development, the Laser
Interferometer Skin Friction meter (LISF), promises to be useful for this purpose. This
technique interferometrically measures the time rate of thinning of an oil film applied
to an aerodynamic surface. Under proper conditions the wall shear stress may thus be
found directly, without reference to flow propertiei. In the present work, the applic-
ability of the LISF meter to supersonic boundary layers is examined experimentally. Its
accuracy and repeatablity are assessed, and conditions required for its successful
application are considered.

i. INTRODUCTION

The traditional methods for the measurement of skin friction in compressible flows have
been reviewed previously, eg by Winter (1977). Recent developments were also surveyed ty
Settles (1986). Briefly, other than the direct measurement of wall shear stress by a
balance, most of the available techniques infer skin friction from some other measured
quantity (such as heat transfer or pitot pressure). The validity of such i-lerential
methods is questionable in such complex flows as rapidly distorted turbulent boundary
layers. Further, floating-element balances themselves have serious problems in rapidly
distorted flows, especially due to pressure gradients. Thus, for the class of flows in
question, reliable measurement techniques are almost nonexistent.

A recent development, the Laser Interferometer Skin Friction meter (LISF), may help solve
this problem. The LISF meter was invented by Tanner and Blows (1976), and subsequently
refined by Tanner (1981), Monson and Higuchi (1981), Monson, Driver and Szodruch (1981),
Monson (1983 and 1984), and most recently by Westphal, Bachalo, and Houser (1986). It
interferometrically senses the time rate of thinning of an oil film on a polished surface
subjected to aerodynamic shear. In two-dimensional flows without pressure gradients, oil
lubrication theory then gives the wall shear stress, tw, directly without any reference
to the properties of the overlying boundary layer. While some corrections are required
in three-dimensional, pressure-gradient, and shear-gradient flows, the instrument none-
theless delivers what may be considered a "quasi-direct" measurement of skin friction.
Since the idea is new, apparently only four LISF instruments have been built to date:
Tanner's, Monson's, Westphalls, and the Penn State instrument intended for compressible
flow measurements and described below.

Monson, Driver, and Szodruch (1981) were the first to attempt LISF measurements in super-
sonic flows. Although the technique ignores, in principle, the speed of the flow, dif-
ficulties were experienced nonetheless. For example, Mateer (1984) was unable to obtain
LISF interference fringes in high-Reynolds-number transonic flow due to the presence of
surface waves on the oil film. Murphy and Westphal (1985) have since studied the surface
wave problem theoretically, and various improvements have been made in the experimental
apparatus (Westphal et al, 1986).

The cited previous work demonstrates that the LISF meter is an elegant experimental tech-
nique for low-speed, continuous-running test facilities. Though it loses some of its
elegance in compressible flows, it still appears to be practical and useful. Since the
theoretical background and description of the LISF meter are readily available in the
cited literature, most of that information will not be repeated here. Instead, this
chapter considers the applicability, repeatability, and accuracy of the technique for use
in compressible flows as determined by an experimental calibration over a range of Mach
numbers.

2. FACILITY AND INSTRUMENT DESCRIPTION

The wind tunnel used in this study is an intermittent blowdown facility with a 15xl7 cm
test section. An asymmetric sliding-block nozzle permits testing over the range 1.5 < M
< 4.0. Test times vary from a few seconds to about two minutes at stagnation pressur"9
from 3 to 15 atm and near-ambient stagnation temperatures. A polished stainless steel
flat plate spans the test section, with optical glass windows on either side. All results
discussed here were obtained with near-adiabatic wall conditions on the flat plate.

kig. I is a diagram of the LISF meter setup currently used for testing in this wind
tunnel facility. The instrument consists of a pedestal-mounted optical breadboard, 0.9m x
1.2m in size, upon which are mounted the optical sending and receiving elements of the
interferometer. In the sending apparatus, the beam from a 5 milliWatt linearly-polarized
helium-neon laser is divided by a beamsplitter, yielding about 50% reflected and 50%
transmitted power. The reflected beam from the front surface of the beamsplitter is
focused by a lens to form a spot of about 300 pm diameter at an appropriate point on the
flat plate in the wind tunnel. The reflected beam from the back surface of the beam-
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splitter is blocked. The beam transmitted by the beamsplitter is aimed by an adjustable
first-surface mirror and is also focused on the flat plate with the same spot size and
incidence angle as the first beam. These two incident beams are positioned to form spots
about 1 mm apart on the flat plate.

During experiments, a thin film of oil applied to a local region of the flat plat, is
sheared by 7w. Each incident laser beam is reflected by both the surface of the oil film
and the polished plate beneath it. This produces two pairs of interfering laser beams
directed out of the wind tunnel through a window. These beams are intercepted by two
first-surface aiming mirrors, whence each pair is directed onto a separate photodiode
through a 6328 Angstrom filter. Each photodiode senses a time-dependent light intensity
due to the interference of light reflected from the oil film and test surface. The two
photodiode outputs are amplified, low-pass filtered to remove high-frequency noise, and
recorded. Direct digitization and storage of these data is accomplished by a micro-
computer equipped with an A/D-converter board. For present purposes a 20Hz data rate was
chosen, yielding at least 20 points per fringe. The photodiode output is also monitored
on a stripchart recorder during experiments.

Fig. 2 shows a typical digitized fringe record from the present data set. Upon startup of
the wind tunnel the oil film is initially too thick, resulting in surface waves which
scatter the laser beams and cause an abrupt reduction in signal intensity. After a few
seconds the thinning of the film begins to suppress the surface waves and visible fringes
appear. However, these initial fringes (appearing as sine waves in Fig. 2) are still
affected by surface waves. Following the disappearance of surface waves, typically 5 to 9
usable fringes are obtained before the end of a test. Toward the end, the fringe period
grows such that less than 1/2 fringe is gained by extending the tunnel run time. Further,
as the oil film thins to approach the scale of the surface roughness on the flat plate,
additional distortions occur.

3. DATA REDUCTION PROCEDURE

Primarily due to the limited fringe count available in a given LISF test in supersonic
flow, the data reduction procedure is necessarily somewhat different from that reported
by other investigators for incompressible flows. Given only 5-9 fringes, it becomes
necessary to determine Tw based on the entire signal within the usable fringe record.
Merely determining the time interval required for a given number of fringes, as is done
in incompressible flow, does not yield sufficient accuracy here.

Thus, the first issue is to define that part of the fringe record which is usable. A,
noted earlier, the initial fringes suffer from surface-wave distortion, rendering them
unusable. From experience, we have determined that initial data lying outside the fringe
"envelope," shown by dashed lines in Fig. 2, are unusable. A more rigorous criterion is
applied later in the data reduction procedure as described below.

The next step in the data reduction procedure is to smooth the raw fringe data. Smoothing
is required to eliminate any noise, which would confuse the automated determination of
the fringe peaks. Any reasonable smoothing algorithm can be used. A simple adjacent-
point averaging technique has been used for the results presented here.

The main equation for LISF data reduction, assuming constant wall shear stress, is given
(eg by Monson and Higuchi, 1981) as:

x ( Tw N't')/[2nP V cos(r)] (1)

where x = distance from oil film leading edge to laser beam spot, N'= effective fringe
number, t'= effective oil-flow time, n = oil refractive index, p = oil density, V'= oil
viscosity, A = laser wavelength, and r = oil refraction angle. The use of this equation
for compressible LISF data reduction is somewhat complicated by the fact that wall
temperature changes affect the oil viscosity directly. For the present experiments,
the flat plate wall temperature, Tw, decreases gradually with time, requiring thc
following second-order polynomial curvefit:

Tw(t) = a, + a2t + a3t
2  

(2)

The oil viscosity as a function of time can then be expressed, in terms of a reference
viscosity Pr at reference temperature Tr, as:

V(t) = Vrexp[-s(al + a 2t + a3t
2 

- Tr)) (3)

where s - the oil temperature-viscosity coefficient, determined by an independent testing
laboratory, of the Dow-Corning "200" silicone oil used in the present experiments.

Using Eqns. 2 and 3, the data points of the fringe signal at each corresponding time, ti,
are corrected to constant effective Tw conditions over the length of a wind tunnel test,
yielding the following expression for the corrected time interval Ati':

Ati ' = ( At + (sa 2/2)(ti
2 

- ts
2
) + (s/3)(a 3 + sa2

2
/2)(ti

3 
- ts

3
) + (s

2
aia3/4)(ti

4 
- ts

4
)

+ (s3a2
2
a3/lO)(ti

5 
- ts5 ))exp[s(a I - Tr)) (4)

where ts is the starting time at which usable fringes begin. The smoothed, temperature-
corrected fringe data may now be used to find N' and t' for each fringe peak.
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oil lubrication theory dictates that the product N't' in Eqn. 1, when evaluated at the
laser beam spot location where x is fixed, must also be constant:

N't' = (N' + AN1 )(t' + At 1 ') = (N' + AN 2 )(t' + At->') = constant (5)

(Here, ANi is the incremental change in fringe number.) Thus, the effective fringe
number, N', and the effective oil-flow time, t', for any fringe peak can be calculated
using any other two fringe peaks according to:

N' - AN 2 ) At 2 '/ At1 ' - Ifl/( At2'/ At 1 ' - AN2/ AN 1 1 (6)

t' -atl'(N'/ AN 1 + 1) (7)

In order to minimize the effect of random errors in the fringe data, we have computed
N' ,t' for each peak using all possible combinations of the other peaks in the signal,
then averaged the results.

These results are next compared with oil lubrication theory in the N' ,t' plane, as shown
by example in Fig. 3. Each triangle shown represents the N' value of a given fringe peak
in the LISF signal. A least-sguares curvefit of the data to the lubrication theory is
performed, followed by a computation of the reduced chi-squared deviation of the data
from the fitted curve. Then, the first fringe peak is eliminated and the fit is

4 repeated. This process is continued up to AN = -2 (the fifth fringe peak from the
last peak of the fringe signal). The starting point which results in a minimum reduced
chi-squared for the fit defines our rigorous criterion for the best answer. Since
lubrication theory is the basis for the 51SF meter, those early fringes which are
contaminated by surface wave distortions to the extent that they do not fit the theory
must be discarded. In the example of Fig. 3 (corresponding to the raw data shown
previously in Fig. 2), seven usable fringe peaks remain after this process has been
comploted. The result of this optimized curvefit is an accurate value of the product
N't', based on the total usable signal, for use in determining r'w from Eqn. 1.

of the remaining parameters in Eqn. 1, n is known from the oil manufacturer's data. The
oil refraction angle, r, is caiculated from the measured incident laser beam angle and
Snell's law. Oil viscosity,LI , and density,p , are determined based on the constant
effective wall temperature of the experiment as discussed earlier. The distance, x, from
the oil film leading edge to the laser beam spot, is measured prior to the experiment by
means of a cathetometer with a least count of 0.025 mm. The repeatability at this
measurement ham been established at ± 2%, using an auxilliary white light reflected
from the oil film to aid visibility. In previous work the dual lamer spots of the
instrument were used to eliminate the measurement of x. In the present case, however, x
is measured for both spots and the two ftinge signals are independently reduced to
provide redundancy of the measurement.

4. ISSUES REGARDING COMPRESSIBLE-FLOk LISP MEASUREMENTS

In addition to the data reduction modifications discussed above, several other factors
need to be considered in 51SF setup and operation in compressible flows:

4.1l Bean polarization and orientation.

For maximum beam reflection intensity with the optics arranged am shown in Fig. 1, the
polarization vectors of the incident light beams should be perpendicular to the teet
surface (S-polarization) . This is achieved by rotating the laser in its mount until
maximum transmission occurs through a polarizing filter with its axis perpendicular tc the
test surface. Further, a maximum fringe couric is obtained when the beam incidence angle
with the test surface approaches 90 deg, which becomes highly desirable for compres-
sible-flow measurements. (This was prevented by window locations in the present
experiments. Instead, a 51 deg incidence angle was required as illustrated in Fig. 1.)

4.2 Surface wave phenomena.

Am mentioned previously, surface wave phenomena on the oil film appear to impose the most
serious limitation on 51SF meter usefulness in high-speed flows. Monson, Driver, and
azodruch (1981) found that these waves are promoted by the high shear levels typical of
supersonic flows. Murphy and Westphal (1985) found that, as the oil film thins suffi-
ciently, the waves move downstream and 51SF data may be obtained near the film leading
edge. However, at this point in our high-speed flow tests the film has already become
quite thin.

Fig. 4 shows the wave-free oil film thicknems as a function of Mach number and oil
viscosity from the present expcriments. Since Nee is relatively constant at about 12,000
to 14,000 for all the data shown, the situation tends to improve somewhat as M4 increases
and rw decreases. However, in no case was a usable oil film thickness greater than
2.6 Mm obtained.

Thus the surface wave phenomena have a direct impact on the number of usable interferencc
fringes obtainable in a given test, and tnus on the accuracy of the results. By carefully
analyzing these few obtainable fringes, we have made successful 51SF measurements with
shear levels up to 205 N/in

2
. However, it seems possible that there is an upper wall shear

stress limit on the success of the instruseit, and that this places the most serious
limitations on the use of the 51SF meter in transonic flows at high Reynolds numbers.
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4.3 Maximum number of usable fringes.

In view of the above, it is desirable to optimize all test parameters in order to obtain
the maximum number of usable fringes, Nmax, that can be obtained for given test conditions
in high-speed flow. Present results indicate that Nmax, for a given kest geometry, is a
function of 

T
w, oil viscosity, and leading-edge distance x. The effect of Mach number

and oil viscosity on Nmax is shown in Fig. S. The highest usable fringe count (9) was
obtained at M = 3.92, where r. = 122 N/m-. At M = 2.43, with tw = 205 N/m

2
, at most 5

fringes were obtained. The effect of oil viscosity over the range of 50 to 1000 centis-
tokes is noticeable, with a value of 500 centistokes yeilding the largest number of
usable fringes for present flow conditions. The optimum distance, x, from the oil-film
leading edge to the laser beam spot is found to equal the length of wave-free oil film
downstream of the film leading edge at the time when supersonic flow is first established
(a few seconds after the airflow begins). For present conditions, using 500 centistokes
oil, the optimum x = 2, 3, 4, and 5 mm for M 2.43, 2.95, 3.51, and 3.92, respectively.

4.4 Preparation of oil film.

About 0.03 cm
3 

or more of oil is necessary to produce an oil film of sufficient coverage
on the test surface. The oil is "pre-thinned" into an intial film by squeezing it with a
small flat glass plate prior to the test, thus reducing the lost run time before the
surface waves migrate downstream. While a very thin initial film is desirable to
minimize surface waves, it is not possible to pre-thin the film to such small dimen-
sions as those shown in Fig. 4. Thus, no attempt is made to rigidly control the initial
film thickness. Variations in initial thickness then show up only as variations in the
test duration before usable fringes begin to occur. These variations are minimized when
the optimum leading edge distance, x, is maintained as described above.

The oil film leading edge should be straight and normal to the flow direction. After anoil drop is applied to the test surface and pre-thinned, a sharp leading edge is created
by cutting the film with the edge of an index card. The region upstream of this leadingedge is then cleared of oil by wiping it with lens tissue.

4.5 Preparation of test surface.

The LISF meter has the advantage that it does not require any equipment installation in
the surface of a model to be tested. However, it is necessary that the test surface be
highly and uniformly polished so that it produces specular liqht reflection. Given a
suitable surface material, such a polish with average irregularit down to 0.05 Am can
be obtained using a polishing powder such as aluminum. Aluminum surfaces themselves,
however, have not performed well in our experience, being too soft to hold the necessary
polish during extended testing. While abrasion from particles in the airstream will
spoil any surface for LISF work, stainless steel has shown the best polish and durability
characteristics during the present experiments.

4.- Effect of particles in the airstrehm.

Any particles entrained in the flow tend to disturb the oil film and distort the resulting
LISF fringe records. This problem is especially noticeable for test surfaces inclined
toward the oncoming airstream, where particle impacts tend to damage the highly-polished
surface. Potential LISF users are cautioned that the technique is not likely to succeed
in a "dirty" test environment.

4.7 Wind tunnel vibration.

Most interferometric methods are vibration-sensitive, and the LISF meter is no exception.
Fortunately, the fringe frequency is well below that of turbulence-generated flow noise,
so that effective low-pass signal filtering can be accomplished. Nonetheless, precautions
should be taken to isolate the instrument from low-frequency vioraLions. The optics
should be rigidly mounted to a common frame and kept free of dust. Further, long-focal-
length lenses are preferred for laser beam focusing on the test surface in order to
minimize vibration-induced changes in beam spot diameter. Finally, both the test surface
and any intervening glass windows must be cleaned thoroughly between wind tunnel runs to
remove moisture and residual oil.

4. Oil film heating by laser beam.

Previous investigators have attenuated their laser beams to avoid the possibility of
heating the oil film, thus changing its viscosity. In the present case, the surface
temperature beneath the beam spot was monitored for more than one hour with the beam at
full power (2.5 mW); no appreciable heating was observed. It is thus recommended that no
attenuation be used for helium-neon lasers in the milliWatt range.

A4.9 Oil film evaporation.

While evaporation errors appear negligible in low-speed flows, they may be significant in
high-speed testing where t is high and static pressure is low. Unfortunately, it
appears not possible to make a straightforward calculation of the evaporation rate, since
the diffusion coefficients or effective gas constants of polymer oils are unknown. It is
known, however, that the vapor pressure of Dow-Corning "200" silicone oil (500 centi-
stokes viscosity) at 10 deg C is a few millionths of an atmosphere, which is far below
the minimum tunnel static pressure (0.09 atmosphere) of the present expiriments. Further,
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the calibration test results presented below show no evidence of a systematic positive
"rror with increasing Mach number, which would result if oil evaporation were significant.

5. CALIBRATION EXPERIMENTS

Given the constraints described above, tests have been carried out to determine the
repeatability and accuracy of the LISF meter in a controlled compressible-flow environ-
ment. The turbulent boundary layer on the near-adiabatic flat plate described earlier was
used for this purpose. For calibration standards, a finite-difference, eddy-viscosity
code (EDDYBL), the Van Driest II theory (Van Driest, 1956), and the results of curvefits
of the wall-wake similarity law (Settles, 1986) to measured boundary layer profiles have
been used. Sixteen LISF tests each were conducted at Mach numbers of 2.43, 3.51, and
3.92, while 19 such tests were conducted at Mach 2.98. Re8  was held relatively constant
(between 12,000 and 14,000) for all these data, but several different values of oil
viscosity were used.

The calibration results are shown in Fig. 6, where cf/cfi is plotted vs. Mach number (cfi
is the equivalent incompressible skin friction coefficient). Error bars on both the LISF
and the wall-wake data illustrate the ranges of the values obtained. For comparison, a
typical error band from earlier incompressible LISF tests in our laboratory is also shown
at M = 0 in Fig. 6.

The overall repeatability of the compressible LISF data is within ± 4%, which is the
standard deviation about the mean. The wall-wake curvefit data have similar repeat-
ability, though fewer samples were involved in their determination.

The accuracy of the LISF results may be assessed by the comparison with wall-wake, Van
Driest II, and EDDYBL results shown in Fig. 6. At worst, the mean LISF value falls 8%
below the mean of the 3 calibration standards at M = 2.43. This error improves to -3% at
M = 3.92, presumably due in part to the improvement in LISF fringe count as M increases.
The viscosity uncertainty of the silicone oil itself (which contributes an uncertainty of
equal magnitude to cf) is within ± 1% as determined by an independent testing lab.
Finally, experience indicates that no known skin friction technique has a trusted accuracy
better than about ± 3%.

6. CONCLUSIONS

The present LISF meter results in compressible flow demonstrate that the instrument is
potentially very useful. It will not replace simpler methods such as the Preston tube or
wall-wake fit for flows simple enough to admit the latter. It is also least accurate in
cases of extremely high wall shear stress. Nonetheless, the LISF meter h-s the potential
to deliver quasi-direct cf measurements in a wide range of compressible fliws including
rapidly distorted flows, hypersonic flows, and three-dimensional flows. Such measurements
are sorely needed, for example, to aid in the validation of computational flow predic-
tions, especially as regards turbulence modeling. The success of the LISF meter in these
cases calls for proper data reduction and an awareness of the constraints of the inst-u-
ment, as discussed above.

A suggested improvement to the instrument is the use of a shorter laser light wavelength,
which should increase the fringe count by as much as 20%. Otherwise, more experience with
the instrument in complex flows is needed. The present authors have recently carried out
three-dimensional LISF measurements in a Mach 3 swept shock wave/boundary layer interac-
tion successfully (Kim and Settles, 1988), which has further demonstrated the utility of
the instrument despite flow complexity and very high shear levels.
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Fig. 1 Diagram of LISF meter: I - Ne-Ne laser, 2 - 50/50 beamsplitter, 3 - planar mirror,
4 - stop, 5 - focusing lens, 6 - flat plate, 7 - planar mirror, 8 - housing for
6328 Angstrom filter, photodiode, and amplifier.
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Fig. 2 Typical LISF fringe record (M 2.98, V 500 centistokes).
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CHAPTER5

HOT-WIRE AND40ETRY IN SUPERSONIC FLOW

by

A. J. Smits and J.-P. Dussauge*

-Department of Mechanical and Aerospace Engineering,
Princeton University, Princeton, New Jersey 08544, U.S.A.

Institut de Mecanique Statistique de la Tarbulence, U. M. C. N. R. S. N 33,
12 Avenue General Leclerc, 13003 Marseille, France

I. INTRODUCTION

Hot-wire anemometers were first used in 1888, according to the extensive bibliography prepared by

Freymuth (1978), and the application of hot-wire anemometry to subsonic flows has been systematicallv

researched since that time. Hot-wire anemometry in supersonic flows is more recent, and the earliest

work is probably that due to Kovanznay (1950) and Lowell (1950). Further work by Kovasznay (1953, 1954),

Morkovin (1956, 1962), Laufer & McLellan (1956), and Kistler (1959) advanced the development of

supersonic hot-wire anemometry, and by the early sixties the technique was widely used.

The instrument in general use at that time was of the constant current type. The wire filament was

heated using a constant current source, and variations in heat transfer produced fluctuations in wire

resistance. There was no feedback loop, and the frequency response was extended beyond the limits of the

wire thermal inertia by using a compensating network (see Fig. I). With the development of stable,

integrated-circuit operational amplifiers, it became relatively straightforward to operate the anemometer

in a constant-temperature mode. In this mode of operation, a feedback loop is used to keep the wire

temperature (and resistance) constant, and variations in heat transfer produce fluctuations ii wire

current. The main advantage of the constant temperature system is that the feedback loop automatically

compensates the frequency response for the thermal lag of the wire filament (see Fig. 2).

In subsonic flows, the constant current mode is still preferred for meanuring temperature

fluctuations but it han been largely superseded by the constant temperature mode for measuring velocity

fluctuations. In supersonic flows, both instruments are still in use, for two major reasons. Firstly,

the output of the anemometer is sensitive to fluctuations in mass-flux (1u)- and total temperature T.'

To identify the individual contributions due to (eu) and To , it is necessary to operate the wire at a

number of different wire temperatures or overheat ratios (see Section 3). Since the constant temperature

system is not suitable for use at low overheat ratios (Smits et al. 1983), the constant current system

must be used. However, at high overheats it is sometimes possible to neglect the contribution to the

output due to T' , and then it is possible to use a constant temperature anemometer to measure (,u)'

directly.

Rs

Ra R. '-V rc Ra Rc E

Figure 1. Constant current circuit. Figure 2. Constant temperature circuit.
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The second major reason is that in supersonic flows, the frequency content of the signal is generally

very broad. In the past, only the constant current system with its open loop response offered a

sufficiently wide dynamic range. In the last ten years, however, constant temperature systems with

balanced bridges have become commercially available, and an upper frequency response of 300 to 400 kHz is

possible with careful adjustment.

In the present chapter, we summarize the theory and practice of both types of anemometer, and we

discuss the advantages and disadvantages of each system. We begin in Section 2 by considering probe

designs suitable for supersonic flow. Next, the behavior of a single wire placed normal to the flow

direction is examined, including its quasi-static response (Section 3), and its dynamic response (Section

4). The behavior of inclined nd crossed-wire probes is discussed in Section 5, and the effects of low

Mach and Reynolds numbers are considered in Section 6. The Chapter concludes with two examples chosen to

illustrate the uncertainties in the measurement (Section 7).

2. PROBE DESIGN

The probes used in supersonic flow differ somewhat from those used in subsonic flow for reasons of

aerodynamic design and strength. It is important, for example, to taper the prongs and use a wedge-

shaped body to minimize aerodynamic interference, and the prongs are usually kept short to reduce

vibrations and deflections under load (Fig. 3). For crossed wires

(Fig. 4), shocks emanating from one wire and its supports may interfere with the other wire, and the

probe must be designed to avoid this interference at all Mach numbers. Recent work suggests that

commercially available probes can be used when the prongs are shortened and wedge-shaped fillets are

added (Donovan, Dussauge, Horstman, private comunications, Bonnet & Knani 1986).

The filament can be soldered or welded to the prongs, using tungsten, gold-plated tungsten, or

platinum-plated tungsten as the filament material (platinum, or platinu-rhodium is not recommended

unless the aerodynamic loading is extremely low). It also seems possible to attach the filament by

glueing (Doughuan 1972) but the authors have had no experience with this technique. In the soldered

design (Fig. 3a), the filament material is first coated with copper to a diameter 5 to 10 times the

filament diameter. The coated wire is soldered to the prongs and the central portion of the coating is

etched away using a dilute acid to expose the active portion of the wire. By this procedure, the

aerodynamic interference caused by the relatively bulky prongs is reduced, and the active length is well

hkit,vt stubs fkr~u~- 4d

(a) ()

Figure 3. Hot-wire probes: (a) normal wire,
"etched" design; (b) normal wire, "welded" design.

(a) (b)

fli . w..1

Figure 4. Not-wire probes: (a) single-inclined
wire probe; (b) crossed wire probe.
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defined. In the welded design (Fig. 3b), the uncoated wire filament is attached to the prongs directly

by welding. Care must be taken to use finely tapered prongs to minimize aerodynamic interference.

The length of the active filament I is usually between 0.5 = and 2 mm, and the diameter d ranges

from ham to 5 m . If the wire is too long, the spatial resolution deteriorates. If the l/d ratio is

too small, the temperature distribution along the wire is highly non-uniform, and heat conduction to the

stubs and prongs can be significant (see Section 4.2). If the l/d ratio is too long, wire breakages are

more common. Choosing the optimum length and diameter is always a compromise, and further recommendations

regarding filament size will be given in subsequent sections.

3. STATIC RESPONSE OF A NORMAL WIRE

3.1 Sensitivity of the Wire

We begin by considering the quasi-static response of a wire oriented at right angles to the direction

of a supersonic flow. A detached bow shock forms, and the front face of the wire is exposed to subsonic

flow downstream of this nearly normal shock. Since the major part of the heat transfer occurs by

convection over the front surface area of the filament, it is a good approximation for reasonable

Reynolds numbers (Re > 20) to neglect the sensitivity of the heat transfer to Mach number outside the

transonic regime (that is, outside the range 0.8 < Ma < 1.2) (see Section 6). When Mach number effects

and low Reynolds number effects can be neglected, the wire voltage fluctuation produced by small, slow

perturbations in flow parameters may be written as

_ __(pu)+ _E T 1)
3(oU) T 

That is, F 
-  -  

+ G (21
O Ui To

where e * is the wire voltage perturbation due to variations in (,-u)'and To" , and where it has been

assumed that are no fluctuations in wire resistance (for constant temperature operation) or current for

constant current operation). The overbars denote time averaged quantities, and

F = tnE / tnpU (3a)

G = DinE / linTo  (3b)

Equation 2 follows directly from the assumed functional dependence of the heat transfer, and it does not

depend on any particular heat transfer law. All calibration procedures described in this chapter are also

independent of any such heat transfer law, although sometimes an empirical heat transfer relationship

will be assumed to illustrate a point.

In this simple static analysis, the anemometer output voltage eo is directly proportional to the

wire voltage e' for both the constant current and the constant temperature system. The evaluation of F

and G, however, depends strongly on the mode of operation.

Equations I and 2 indicate that the response is se sitive to fluctuations in stagnation temperature

and mass-flux. It can be shown that the relative sensitivity F/G depends strongly on A., where

A, = ( 3 Zn Rw/I In 1 )/2 and Aw is only a function of the overheat ratio aw 7 (R. - R.)/Re (Bestion et

al. 1983). Here, Rw is the wire resistance at the operating temperature, and Re is the wire resistance

at the recovery or equilibrium temperature T.. Figure 5 shows the variation of F/G with overheat ratio

for a typical wire. The curve is independent of the mode of operation of the anemometer (at the same

Reynolds number, when the Reynolds number is low). At low overheats, the output is primarily sensitive

to To' , and if the overheat is low enough the sensitivity to (pu)Y can b- neglected. At high overheats,

the output is primarily sensitive to fluctuations in mass-flux, but it is not possible to increase a to

the point where the output is sensitive only to (ouY because there is an upper limit on the overheat set

by material property limitations. At high overheats, therefore, the anemometer always operates with a

degree of mixed-mode sensitivity.
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For time-averaged measurements, we have

(pu)
'  

(puY To'- = i + 2FG + G
'  

(4)

PS UT T
0 0

and in principle it is possible to determine (Ou)"
2
, (Du)"To" and To

"2 
by operating at three different

overheats. In practice, at least 15 different overheats must be used, and the results are analyzed using

the fluctuation diagram method first suggested by Kovasznay (1953). If the pressure fluctuations are

small, u'
2 

, T'
2 

and u'T" say be found by using the definition of the total temperature and the equation

of state. By using the same procedure within fixed frequency bands, it is possible to obtain the

spectral distribution of velocity and temperatire (see, for example, Bastion 1982)

F
- s -Re: 5

.4- C.T.A.

.3-

.2 - C.A.
Figure 5. Variation of the sensitivity ratio

Re=00 with overheat ratio and Reynolds number (from
Bestion et al. 1983).

0 .1 .2 .3 .4 .5 .6 a

The fluctuation diagram method is usually carried out over the range 0.02 < a < 0.5. Unfortunately,

the constant temperature system is difficult to use at low overheat ratios because small fluctuations in

To cause large relative changes in a. and serious non-linearities occur (Suits et al. 1983). Moreover,

the sensitivity to To tends rapidly to zero as aw decreases. The fluctuation diagram technique can

therefcre be recommended only for use with a constant current system. However, if T.' is small, the

constant temperature system can be used at high Overheat to measure (pu)' directly. Alternatively, it
may be possible to use a constant current anemometer at a very tow overheat to measure T0 " directly, and

simultaneously use a constant temperature anemometer at high overheat to measure the output due to both

(pu)' and T" - By recording the signals, u' and T' may be found as a function of time, as long as

pressure fluctuations can be neglected.

For adiabatic flows, T' and u' can often be found by assuming the Strong Reynolds Analogy (Morkovin,

1962). That is, _ _ ,---
= (Y - I ) Mal - (5)

When p' is small, u (pul' y - Mal y - 1 Ma
- - I- 2R Tu ) (6)
U (pUl T

(see also Debieve 1976). The correlation coefficient RT,, has been measured in a variety of undistorted

and distorted boundary layers without heat sources, and it appears to be virtually constant across the

layer and equal to 0.8 (Dussauge & Gaviglio 1981). Relationships 5 and 6 are particularly useful for

deducing u and 0" from measurements of (Qu) by a constant temperature anemometer.
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3.2 Calibration

Calibration depends on the mode of operation. For a constant temperature system at high overheat, it

is necessary to record the mean output voltage go while varying the mass-flux over a range slightly

larger than that encountered in the experiment (for details see Gaviglio 1971). This gives a plot of go

versus PU (or Nu versus Re, if preferred). What is required, however, is the logarithmic slope of this

curve 3tnEo/3ZnpU . To avoid differentiating discrete data, the calibration points are usually fitted

by some polynomial and the sensitivity coefficients are derived analytically. Curve fitting

experimental data to obtain derivatives is also a difficult procedure and great care must be taken to

obtain accurate results. When acquiring the experimental data digitally, it is possible to avoid the use

of sensitivity coefficients by inve,ting the Lalibrati-o data for each point. For a constant temperature

system at high overheat ratio, F appears to be almost independent of Reynolds number and overheat ratio

(see Fig. 6). This result could be anticipated from the heat transfer law suggested by Kovasznay (1954),

which gives F n/2, where n is the exponent on the Reynolds number in the Nu(Re) relationship. At low

Reynolds numbers, F is no longer constant at low overheat but since the constant temperature system

should only be used at high overheats (as > 0.4) this effect can usually be ignored.

For a constant current system, the calibration is more complex because two sensitivities F and G must

be found at each overheat ratio. In the usual procedure, the output current I. is measured while varying

as at constant sass-flux and total temperature. The mass-flux is then changed, and the procedure is

repeated until the required mass-flux range has been covered. The calibration is obtained as curves of

1. versus as at different mass-flux values. A combination of curve fitting and interpolation is used to

find the sensitivity F at any particular operating point, and since F is almost independent of T. (see

below), this procedure gives F under all operating conditions.

.5 Re

.4.-A ~ 3 00~CT 1.2
.3 11 - C.C.A.

.2 1.0-

.1 .9i I I I I [

0 .1 .2 .3 .4. .5 .6 aw - /KOVASZNAY195 Re=38
Re .e=R6

.6 A 300) .b ' LM.S.T. Re6.

"/*30.5x53 C.I.A. .5--

.4-

.3 .2-

.2 .1

01I -~. .1.2 3.4 5 6 ,I I

0 .1 .2 .3 .4 .5 .6 a,
Figure 7. Sensitivity coefficients of CCA to
mass-flow (F) and to stagnation temperature
fluctuations (G) as a function of overheat ratio.

Figure 6. Sensitivity coefficients of CTA to Solid lines, results from Kovassnay (1950);
mass flux (F) and stagnation temperature dotted lines, results obtained at IMST
fluctuations (G) an a function of overheat ratio (Institut de Mecanique Statistique de la
and Reynolds number (from Bestion at al.19

8 3
). Turbulence, Marseille). From Bastion et el. 1983.
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where K z tnRw/an Tw, and where it has been assumed that the fluid thermal conductivity and viscosity

vary according to

G = K + Aw(K- 1 -la) - bF (7)

To find G ( 3 ZtnEo/3Zn TO), we could vary To while keeping the mass-flow rate constant. This is

difficult to achieve in practice, and we make use of the fact that for high enough Reynolds number, G may

be written as

- - and
ke T e Pe

In Equation 7, F is known from the mass-flux calibration, and K can be found by placing the unheated

wire in a variable temperature oven. The parameter A., may be derived from the mass-flux calibration (for

a constant current system A 2 (inNu/ltnRe)
-1  

, or it can be found directly during the experiment by

measuring the changes in Io and R. as the overheat is varied at a fixed mass-flux. The constants a and b

are available from the literature but some uncertainty exists. Kovasznay (1950) uses a = b 0.768,

Morkovin (1956) suggests a = 0.885, b = 0.765. and Grant & Kronauer (1962) use a = 0.86,

b = 0.71. The effect on typical boundary layer measurements seems to be rather small (see Section 7).

The behavior of F and G for typical constant current wires is shown in Fig. 7. The sensitivity F is

almost a linear function of a., a result which may be expected from the heat transfer law given by

Kovasznay (1954) which can be used to show that F n a, at high Reynolds number. A weak Reynolds

number dependence is observed, mainly because the recovery ratio I = T./To depends on Reynolds number for

Re < 20 (Laufer & McLellan 1956). The sensitivity G varies with overheat ratio but it is almost

independent of Reynolds number, according to equation 7 (K is a material properly, A. varies

approximately as a., a and b are fluid properties). The differences shown in Fig. 7 are probably due to

differences in material properties since the dominant term in the expression for C at high Reynolds

number is usually the parameter K.

Finally, we need to consider how F and G vary with changes in mea stagnation temperature. When 
T
o

changes during calibration or measurement, corrections may be required to allow for changes in F and G.

In fact, for the constant temperature system, F is almost independent of To for high Reynolds numbers and

overheat ratios, and temperature corrections are only necessary if the absolute value of (Cu) is required

and 7U is deduced from the mean hot wire output. However, the hot wire is not a very suitable

instrument for measuring mean flow quantities, and this practice should be avoided. If -U is available

from additional measurements, temperature corrections are not required at any stage and (, u), can be

found directly.

For the constant current system, F is virtually a unique function of overheat ratio when the Reynolds

number is high. The sensitivity G is a function of a, and Te, and Re is usually found during measurement

by extrapolating the graph of R, versus RIz to zero current. Hence, temperature corrections due to

changes in To can be accommodated by correcting the overheat ratio and the equilibrium temperature

appropriately.

In summary, the calibration of hot wires in supersonic flow appears to be remarkably well-

conditioned procedure. For a constant temperature system at high overheat ratio, the sensitivity to

fluctuations in mass-flux is almost completely independent of Mach number, Reynolds number and overheat

ratio. (Since the constant temperature system should not be operated at low overheats, the behavior of F

at low overheats and G at any overheat is not of interest.) For a constant current system, the variation

of F and G with Reynolds and Mach number appears to be negligible for Ri > 20, but F and G both depend on

overheat ratio.

These observations are not meant to suggest that calibrations are not important. Different wires can

display significantly different behaviors, and each wire must be calibrated before and after each

experiment to ensure accurate measurements (see also Section 7).
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4. DYNAMIC RESPONSE OF A NOI4AL WIRE

4.1 Compenation For Thermal Inertia

The wire filament has a thermal inertia determined by its volume, specific her- capacity, and the

rate of heat transfer. A wire without end conduction behaves as a simple pole with a time co:.tant T,

and a typical value for 1/(2 rT,) is 400 Hz. The frequency content of the turbulent fluctuations is vely

much higher, and the response must be compensated electronically to resolve the entire frequency content.

For example, to measure u,
2 

in a boundary layer to within 10% accuracy, Kistler (1959) suggested that the

upper frequency response of the system f. must exceed 5Ue/ , where U. is the freestream velocity and

S is the boundary layer thickness. For a typical application (Example 2 in Table 1), we find 5l/l I

240 kHz. This criterion ignores the Reynolds number and Mach number dependence of the frequency

content, as well as the variation with distance from the wall, and in the wall region a better criterion

is perhaps given by fs > U./y. Even if this frequency response is achieved, it is a criterion based on

rms measurements, and the shape of the high frequency end of the spectrum will still be distorted.

Furthermore, the bandwidth required for the measurement of the transverse velocity fluctuation v' is even

greater because the v' spectrum is broader than the u' spectrum (see Section 5.2, and Gaviglio et al.

1981).

Tn the constant temperature system, the compensation for thermal lag is achieved automatically by the

use of feedback. For maximum frequency response, a symmetrical bridge must be used, and careful tuning

is required. Bridge inductance and capacitance, cable length, and feedback amplifier characteristics all

need to be adjusted carefully using the method of square wave injection (see Perry 1982, Watmuff 1987).

The results of the square wave test agree well with those obtained by direct heating of the wire for a. ,

0.1 (Bonnet & Alziary de Roquefort 1980), and it appears to be reliable technique for setting the

frequency response. The optimum value of fR varies approximately as a,
1
/3 (Smits et al. 1983) and the

best response is achieved at the highest overheat.

In the constant current system, the compensation is achieved using a network which approximates a

simple zero with time constant Tc. The time constant T is adjusted until it matches the wire time

constant T,. This adjustment requires great precision because a small mismatch causes a step in the

frequency response of magnitude (I - T./T ), at a frequency near I/T.. The adjustment is usually

performed at each operating point by injecting a square wave current perturbation across the bridge.

Several factors limit the accuracy of this process. Firstly, end conduction effects are important (see

Section 4.2). To minimize these effects, the frequency of current injection should be much greater than

l/T.. Secondly, current perturbations are not equivalent to velocity and temperature perturbations.

Differences can occur if the bridge is not perfectly balanced, or if stray bridge inductances are present

(Smits 1974, Perry 1982). Thirdly, the current perturbation must be small enough to avoid non-

linearities yet large enough to make the signal clearly visible over the background turbulence. Phase

averaging and autocorrelations could be used to overcome this difficulty. Without these refinements,

repeatability tests show that the mismatch between T. and T is typically less than 5% (representing 10%

error in e
" 

).

As mentioned above, the transfer function of the compensating network is not quite a simple zero, and

it has an additional pole at a frequency of about 1l0/T. which limits the maximum bandwidth of the system

(Gaviglio & Dussauge 1977, Gaviglio 1978). Decreasing T. will increase this cut-off frequency, with the

additional benefit of reducing high frequency noise. It may be shown that for a given wire material T.

varies approximately as (I + a,)d
2
/Re, for high Reynolds numbers (Hinze 1959). Since n 1 0.5, it is

advantageous to use wires of small diameter. The lower limit on d is given by the Knudsen number, where

Kn = Ma/Re, and for low Reynolds numbers, the continuum hypothesis may break down. Decreasing the wire

diameter also decreases its mechanical strength, and in practice the diameter tends to fall in the range

2 m < d < 5 Pa.

Since the compensation is unlikely to be adequate even under ideal conditions, it may be necessary to

correct the output. Two methods have been proposed. In the first method, the system transfer function is

determined by a preliminary calibration and the signal spectrum is corrected accordingly (Laderman &

Demetriades, 1974). In the second method, the variance of the measured signal is related to the variance

of the ideal signal using the experimental autocorrelation (Gaviglio & Dussauge 1977, Oaviglio 1978).

Debieve (private comunication) found the accuracy of the two methods to be comparable. It should be

noted that the compensations for amplitude and phase are different, and the phase compensation is limited

to lower frequencies than the amplitude compensation (Owen & Fiore 1986).
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4.2 End-conduction effects

Thus far, it has been implicitly assumed that the temperature of the filament was constant along its

length, that is, the filament was infinitely long. For a wire of finite length there is heat conduction

to the supports, and the temperature distribution is no longer uniform. Furthermore, heat conduction

along the wire and through the prongs modifies the frequency response of the sensor. Steps in the

amplitude Bode diagram can occur, similar to those arising from inaccurate compensation, and they can

cause errors in measuring variances, spectra, and correlations. End conduction effects can also

introduce phase differences between sensors, and the effect on space-time correlations can be

particularly significant. These effects depend strongly on the geometry of the probe and the boundary

conditions on the wire, and probes of the soldered design will behave differently from those of the

welded design. End-conduction effects also depend on the mode of operation and the overheat ratio.

For the constant-temperature system, end-conduction effects have only been studied for probes of the

soldered design operating in an incompressible flow (Perry et al. 1979). The analysis indicates that

these effects are small at igh overheats, provided the temperature distribution along the wire is

symmetrical. With asymmetrical temperature profiles, caused by wire property variations, surface

contamination, and wire bowing, significant end conduction effects can occur. Heat waves can travel along

the wire and change its effective time constant. A single. distributed step in the frequency response

occurs, in the range 20 Hz to 1 kHz, and experimental results suggest that the resulting error in rms

turbulence level can be as high as I0%. These effects are difficult to predict but *hey at, not appear to

be systematic. Thus, repeating the same measurement using different probes can help to establish the

error band. It is not clear that these results apply to a supersonic flow. Nevertheless, it snums

reasonable to suppose that similar effects can occur, and caution is required.

For constant current operaton, the phenomenon has been studied in subsonic and supersonic flow

(Smits 1974, Smits et al. 1978, Mougnangola, 1986). The results are qualitatively in mutual agreement.

The responses to (Pu)" and T' are affected differently, in amplitude ind phase, and they depend

critically on the boundary conditions applied at the point wbwre the filament joins the support. The

boundary conditions for a soldered wire are given by the properties of the stub, which has a lime

constant T, and a non-dimensional heat transfer coefficient K. Similarly, a welded wire is connected to

a prong characterized by Tp and Kp. Typical values for the parameters are T - 0.01 sec, Tp - 0.5 sec,

and K. << Kp (Perry 1982). Note that K = corresponds to infinitely conducting supports, and K 0

implies perfectly insulating supports.

The response to temperature fluctuations (at low overheat ratios) displays two steps in the amplitude

Bode diagram. The first step is down, at a frequency close to l/Tp (or 1T.), and the second step is

up, at a frequency near I/T,. For both types of support, the steps are equal in magnitude, and since the

frequencies of interest in supersonic flow are always greater than I/T., it appears that end conduction

effects can be ignored in the measurement of T, To avoid errors in setting the compensator, the

frequency of current injection should either be much greater than 1I/T., or it should cover a wide range

of frequencies.

The response to fluctuations in mass-flux (at high overheat ratios) also displays two steps. Again,

the first step is down, at a frequency close to I/T (or l/T), and the second step is up, at a frequency

near I/Tw. However, the two steps are not of equal magnitude. The first step has a magnitude approxi-

mately equal to (K + 4P )/(K + 23 )2, and the second step is approximately equal to 1/2 R , where

1/ No kf). 1/2

d (1-ia ) kJ

kf/k, is the rati, of heat conductivities for fluid and wire at the mean film temperature. Since K is

generally large, the first step is usually small but for typical values of B (2 to 10), the second step

is not. Note that for K z 1.24 the two steps are of equal magnitude, and end conduction effects can be

neglected for high frequencies. This would be difficult to achieve in practice. A more successful

approach to reducing end conduction effects would be to make both steps small by making K and R large.

It is particularly important to make 8 large, and this is most easily achieved by increasing the /d

ratio. Remember that limits on Z/d are set by spatial resolution (Section 4.3), mechanical strength and

Knudsen number (Section 4.1).



End-conduction effects are particulary difficult to control, and they may be represent the largest

source of error in measuring (pu)'. Further work is required, and it is suggested here that a direct

experimental comparison between a constant temperature and a constant current system may lead to a better

understanding of the phenomenon.

4.3 Spatial Filtering

The smallest scales of motion in a turbulent flow will have a length scale given by the Kolmogorov

length scale flk' In a flow where '
1
k < Z , the hot wire attenuates the small scale contributions to the

turbulent signal and distorts the high frequency end of the spectrum. Although this problem is a

fam'liar ore, -tere is r- spr"al theory for supersonic flow. In supersonic flows which are approxi-

mately self-preserving, however, the turbulence characteristics are similar to those observed in subsonic

flow (Morkovin 1962, Spina & Smits 1987) and it should be possible to estimate the effects of spatial

integration in supersonic flows by using the results obtained in subsonic flows. For instance, Wyngaard

(1968) suggests that when "k/Q - 0, the measured one-dimensional spectrum falls to one-half its true

value at a wave number of 2.1/Z . For the second example in Table 1, the corresponding frequency G

is about 200 kHz. For the motions in the outer flow, the appropriate length scale is !, and fa ./U - 5.

Near the wall, however, the length scales deoreases, and the effects of spatial integration become more

serious. The effects can be reduced by decreasinr 2. but there is an obvious limit on ), if a reasonable

t/d ratio is required at the same time.

4.4 Strain-Gaging

The term "strain-gaging" describes a type of high frequency noise with very limited bandwidth that

sometimes appears on the signal spectrum as shown in Fig. 8. Traditionally, this phenomenon has been

ascribed to the fluctuations in mechanical tension produced by high frequency changes in aerodynamic

loading. Hence the term "strain-gaging". It is often suggested in the literature that to avoid strain-

gaging the wire tension should be reduced by deliberately slackening the wire. In the -,u'"-e' cper-

ience, there is no strong correlation between wire slack and strain-gaging. The phenomenon appears

to be ,xtremely complex, and it may depend on the electronic characteristics of the anemometer, as well

as wire and fluia j-o,,erties (see Watmuff, 1987). Since strain-gaging is so poorly understood, no

specific recommendation can he mad t- avoid its -e-Fe s, except the traditional slackening of the wire.

y/6=a6

Figure 8. Spectra of (pu)' measured at three
positions in a zero pressure gradient boundary
layer showing peak at 100 kHz due to "strain-gaging".

100  10' 102 CO 10' 101 10'
Fi-equercy 1H2]
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5.1INCLINEDW-IRES

5.1 Static Rensnpse

When the wire is inclined to the mean flow direction, the output is sensitive to (pu)', To' and v'.

For small, slow fluctuations
e (pu l T ' pv,

- -- G o + H- (9)

E PU T P

where H = aknE / 1 (10)

The sensitivities F and G were given by Equation 3, and they can be determined by a calibration similar

to that described for a normal wire (Section 3.2). The parameter H can be found by yawing the wire

through a small angle, typically + 100.

If it is assumed that the wire heat transfer depends on an "effective" mass-flux which is

geometrically related to the longitudinal mass-flux, it follows that the ratio i = H/F is only a

function of wire angle. The analysis by Reshotko & Beckwith (1958) for an infinitely long wire supports

this hypothesis as long as the Mach number in the direction normal to the wire is outside the transonic

range. The analysis also indicates that increases by a factor of about 2 as the Mach number

increases from about 0.8 to 1.2, and the experiments by Smits & Muck (1983) using wires of the soldered

design confirmed this result.

In contrast, Anguillet (1980), Bestion (1982) anA Bonnet & Knani (1986) found that for wires of the

welded design r depended strongly on overheat ratio. Also, Bonnet & Knani reported that for some short

wires ' was similar to that observed in subsonic flows, whereas for other wires was about twice the

subsonic value, as predicted by Reshotko & Beckwith. They suggested that small differences in

aerodynamic interference may have been responsible. In any case, if the angular sensitivity is

calibrated over the range of conditions experienced in the experiment no assumptions about the heat

transfer law are required. Note that for constant current operation, since r is a function of a.

(Bonnet & Knani 1986), should be calibrated at each overheat.

When a single inclined wire is used in the measurement, two traverses are made. If the wire is first

oriented as shown in Fig. 4, (subscript I) and then rotated 1800 about the probe axis (subscript 2), we

obtain
e
1
n 02 [ p(pu) 'T' p v'T'

and _- = H-F --- + G -- __

0n2 r' F(o ) T' p v'' (pub 'TO
-2 

G
' 

+ 
W + 2 FG f___ (12)

l' E2' _U ou r

In principle, the six unknowns in equations 1I and 12 can be found by operating the wire at three

different overheats in each orientation. In practice, this approach is usually limited to constant

current operation (see Section 3.1), and it is necessary to use up to 10 values of a,. Even then, the

terms in Equation 12 suffer from an accumulation of errors, and it is difficult to obtain accurate

results. The mode diagram for Equation 11 has the advantage of being linear but it is formed by finding

the difference between two large quantities, and the procedure is inaccurate at low overheat ratios. At

high overheat ratios, small differences can occur in the compensation for thermal inertia between

orientations I and 2 (caused by a shift in wire temperature distribution due to changes in the flow field

around the probe), and large errors can occur. Hence, the use of inclined wires in the constant current

mode is usually limited to overheat ratios where 0.3 < a, < 0.5 (Anguillet, 1980).

it is possible to use constant temperature operation when the overheat ratio is large and the

fluctuations in stagnation temperature are small. Then

01e 02
z  

p (pUl)'v'

4 HF -
(2)

and it is possible to find (pu)'v'directly (see Suits & Muck 1984). If the pressure fluctuations are

also small, u'v'can be found using the Strong Reynolds Analogy (see Section 3.1).
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It is important to avoid errors in the alignment of the probe and in the 1800 rotation. For a small

misalignment 6. we have 6. 
= 

(1/Hi) - (1/1), and significant errors are avoided when 5. < 10 (Smits &

Muck 1984).

A single inclined wire can only be used to measure time averaged quantities. To measure the

instantaneous fluctuations in (u)r , v'and (pur v' , a crossed wire must be used. When total

temperature fluctuations are negligible, the instantaneous outputs from the two wires are

el (ou) ' pv'

- = F 1 - H1 - (14a)

e2 (pu) pv

:- = F 2 
- - H2 - (14t,)

E2  PU PU

Therefore ( * u)and v'can be determined from the fluctuating voltages once Fi, F2, 'I and '2 have

been found by calibration.

Crossed-wire probes need careful design to avoid aerodynamic interference. The effect of placing the

wires too close to each other is seen in the angular sensitivity calibration shown in Fig. 9. As the

wires are yawed relative to the mean flow direction, a point can occur where the shock system originating

from one wire and its supports cuts across the active length of the other wire, leading to

discontinuities in the calibration. To minimize these effects, it is probably best to use a soldered

design where the active lengths are isolated from the relatively bulky prongs by thin stubs. Using such

a design, Fernando et al. (1987) found that at Mach 3 these interference effects were not observed when

the planes containing the two wires were greater than I mm apart. Such probes are acceptable as long as

the flow field measured by the two wires is not significantly different, that is, there are no serious

spatial resolution problems (see also Section 4.3).

5.2 Dynamic Response

The high frequency content of v" is considerably higher than that of (- u) , as pointed out by

Gaviglio et al. (1981). Their work suggested that l u)v is underestimated by more than 5% if

fR <lOUef/ Hz, and the error exceeds 10% if fR < 5Ue/6 Hz. Some examples of (u)' and v" spectra are

given in Fig. 10. These results were taken with a constant temperature anemometer using a symmetrical

bridge, with a frequency response exceeding 250 kHz ( = 12.5 Ue/6 ). The v' spectra extends to

frequencies which are about twice the maximum frequencies observed in the (,u)' spectra.

I I I l I I

481 Probe Axis _

7.0- 
(Pu) -

Flow
Oirechm U

6.8-

6.6

- 5.0 0.0 50
* (Degrees) 102  10' 1 101

Frequency jHzI
Figure 9. Calibration curve for one wire of a
crossed-wire array. Note the discontinuity caused
by shock-wave interference originating from the Figure 10. Spectra of (pu)', v' and (pu)'v'
other wire. taken at y/d = 0.45 using a crossed wire probe.
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The spatial filter is determined by the largest dimension of the wire array, and the effects are

similar to those described in Section 4.3 for normal wires. In the case of crossed wires, however, the

effects are aggravated because the spatial scales associated with v are typically smaller than those

associated with (P u)-.

6. THE EFFECT OF LOW MACH AND REYNOLDS N"RRS

It was shown in Section 3 that at high Reynolds number the cal" ation of , single normal wire in

supersonic flow is a relatively robust procedure, and careful calibration should give accurate

measurements. When the Reynolds number is small, or when the Mach number is in the transonic regime,

however, the sensitivities to fluctuations in density and velocity (F and F. ) differ from the

sensitivity to fluctuations in mass-flux (F,,u) , and additional calibrations are required (Morkovin

1956). Horstman & Rose (1975) calculated the ratio Fu  /F as a function of Mach number, Reynolds

number, and overheat ratio, and showed that for a. < 0.5 and Re < 20, F # F 0 F . However, for a,

0.5 and Re > 20, F, = F u = F,, independent of Mach number, sensor material and ?/d ratio. The

measurements by Rong et al. (1985) were in agreement with these conclusions.

The effects of Mach number on inclined wires at high Reynolds number were discussed in Section 5.1.

It seems likely that the combination of low Mach number and low Reynolds number will have similar effects

to those observed with normal wires. Unfortunately, no analytic or experimental results for this regime

are currently available.

7. CONCLUDING HEKtAS: MEASUREMENT ACCURACY

The accuracy of hot-wire measurements in supersonic flow depends on the limits set by the instrument

itself, and on the care exercised by the operator. The effect of an uncalibrated operator on the

measurements is unknown, of course, but some recommendations can be made to reduce operator bias.

Probably the single best method to determine the confidence limits on the measurements is to repeat the

measurements. For example, to check on drift, a measurement at a given point in the flow should be

repeated at a different time. If at all possible, calibrations should be performed before and after each

profile, and the wire performance should be checked against a known flow (for example, a zero pressure

gradient turbulent boundary layer). Furthermore, the entire set of results should be repeated using a

different wire, anemometer, and operator.

Given that operator bias has been removed, the remaining uncertainties associated with the

limitations on the instrument can be determined with reasonable precision. Consider the following two

examples for measurements in an adiabatic, zero pressure gradient boundary layer. The operating

conditions for both examples are given in Table 1.

EXAMPLE I EXAMPLE 2
Blowdown. tunnel Return-circuit tunnel

p. (Nt/n
2

) 6.8 x l0
s  

4,05 x 104

TO (OR) 265 + 5 296 + 1

r4 2.84 + 0.04 1.76 + 0.02

U. (mis) 575 + 20 477 + 7

( U). (kg/m
2
s) 500 + 30 68.1 + 3.4

Re./m 6.5 x 107 + 0.5 x 107 5.6 x 108 + 0.3 x 106

S (m m) 26 + 1.5 10 + I

Cf .001 + .0001 .0022 + 0.0002

fR (kBz) 250 320

Z(m) 0.8 0.9

7/d 160 36

0. 1.0 0.02 < a. < 0.5

Table 1. Two exaples of flat plate, zero pressure gradient, adiabatic wall,
turbulent boundary layers (Example 1: Fernando. at al. 1987;
Example 2:Duseauge & Gaviglio 1981)



In the first example, constant temperature anemometry was used, at a single overheat ratio, to

measure (P u)
"2  

with a normal wire, and (iu)
" 

, v-' and (pu)'v" with a pair of crossed wires. The

kinematic Reynolds stresses u's and u v were deduced using the Strong Reynolds analogy with Rb -Ru

0.8. The measurements were subject to random and systematic errors. Random errors are introduced by the

uncertainties in the calibration and measurement procedures, the possibility of drift in the calibration

constants and the presence of end-conduction effects. Systematic errors included neglecting the total

temperature fluctuations and the effects of the limited spatial and temporal resolution. These errors

vary through the flow-field, but at y/i = 0.4, the error in / /7 using a normal wire was estimated

to lie between +9% and -S. For the crossed wire the error estimates were as follows: ,/. + 7.57

+ 7T to -15%; -7 (C.u) vM/(oU , +11% to -27T. When the Stror.9 Reynolds Analogy was used to derive

the kinematic turbulent stresses, the error estimates became: U , -7% to -25% (normal wire) and -9%

to -27% (crossed wire); -uv'/U' , -14% to 24%. Note that the measurement of - () "v'/(:U) tends to be

lower than the true value, whereas the Strong Reynolds Analogy tends to make the estimate of-:<"/'

higher than the true value.

In the second example, constant current anemometry was used at 14 overheat ratios to measure .U)

(cu) T and To72 . The error estimates were an follows:47.u'7:P, 0% to +16%(C-O)T0
5!(-T9, -17. to

+13%; T' /To , -3% to -17%. For the velocity and temperature fluctuations the estimates were:

3% to +17%; ut'T/VT, 20%; /T, 2% to 115%. The uncertainty in the f
t
iid property variations with

temperature (already discussed in connection with Equation 7) has a rather small effect, and for the

different values of a and b given in Section 3.2 the resulting uncertainly in any rms quantity is less

than + 1.3%.

Note that the measurements ofJ //Utusing a constant current system overestimate the true value,

in contrast to the results obtained using a constant temperature system where the systematic errors

cancel (at least in this example). The differences between the two systems are primarily due to

differences in end-conduction effects. Furthermore, the error analysis indicates that the true value of

-7m/7 lies between the value obtained by the two systems.
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CHAPTER 6

LASER DOPPLER ANEIMOMETRY

by

Dennis A. Johnson

NASA Ames Research Center
Moffett Field, CA 94035, U.S.A

1. INTRODUCTION

Laser Doppler anemometry (LDA) in compressible flows offers the advantages of unambiguous signal
interpretation (the laser Doppler anemometer senses velocity only) and nonintrusiveness. Another strength
of the LDA is its ability to accurately measure the normal or vertical velocity fluctuations in regions
close to a solid surface. This measurement even for zero-pressure-gradient boundary layers is extremely
difficult for hot-wire anemometry. Also, LDA is not limited to attached flows with moderate turbulence
levels as is hot-wire anemometry.

The primary disadvantage of the technique is that the velocities of micron-size particles are mea-
sured rather than the velocity of the fluid itself, In most applications, this requires the Introduction
of seed particles into the flow (see also Chapter 7). Measuremint errors can arise if the particles are
not sufficiently small to follow the fluid motions or if they are not uniformly distributed in the flow.
Errors also can occur if the signal quality of the photodetector output, which depends on the intensities
of the particle-scattered light, is not sufficiently high. Measurements are made difficult because of the
rapid fall off in scattered-light intensities with particle diameter. In the particle size range of
interest, the intensities decrease nearly with the sixth power of the diameter. Given the current state
of the art in lasers and signal processing electronics, the minimum size particles from which measurements
can be made at compressible speeds are marginally adequate from a standpoint of trackability.

Another disadvantage of LDA is that it is not well suited for spectra or correlation measurements
because of the discontinuous nature of the signal output which is governed by Poisson statistics.

Most LDA compressible boundary-layer measurements have relied on the "dual-beam" (or "fringe") opti-
cal arrangement with forward-scatter light collection and burst-counter signal processing. In transonic
and supersonic wind tunnels, it is extremely difficult to achieve high particle concentration levels. The
dual-beam, burst-counter approach is well suited to applications such as these where the particles are
sparsely distributed. There are a vast number of papers In the literature describing various aspects of
LDA, numerous technical meetings have been dedicated just to LOA and several books have been written on
the subject. The intent of this chapter is to discuss some of the more relevant aspects of applying LDA
(specifically, the dual-beam, burst-counter approach) to compressible flows.

2. BASIS OF DUAL-BEAM BURST-COUNTER LDA SYSTEMS

A simplified dual-beam arrangement for single-component velocity measurements is shown in Fig. 1. In
this configuration, the collecting lens is positioned to collect only particle-scattered light from the
two incident laser beams. In earlier LDA systems, the Doppler signal was obtained by heterodyning non-
scattered light from one of the incident beams with particle-scattered light from the other beam. This
approach had the disadvantages of being sensitive to mechanical vibrations and of requiring small light-
collection solid angles. The dual-beam arrangement does not have these disadvantages. Early analyses of
the dual-beam optical arrangement were performed by Rudd (1969), and Mazumder and Wankum (1970).

PARALLEL LASER
BEAMS PARTICLE

eCOLLECTING
LENS
./

TRANSMITTING
LENS

LIGHT DETECTOR

SIGNAL OUT

Figure 1. Simplified "dual-beam" laser Uoppl4s anemometer.
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With the availability of the argon-ion laser in the early 1970s high-speed LDA measurements became

realizable. It provided the additional laser power (more than two orders of magnitude over the standard

helium-neon laser) needed to detect individual submicron particles traveling at the speed of sound or
higher with the dual-beam optical arrangement. From the oscilloscope traces of signal bursts produced
from individual particles, came the idea of using high-speed counters to measure the velocity of individ-
ual particles crossing the sensing volume. The earliest work on the burst counter approach was performed

by a research group at AEOC, Arnold Air Force Station, Tenn. (Lennert, et al., 1970).

An alternative approach to using burst counters is that of photon correlation (Abbiss, 1976) which is

capable of working with much lower scattered light levels. Another, is the digitization of the signal

bursts followed by signal analysis via a digital computer (Peterson and Maurer, 1975). By Fourier trans-

forming the digitized signals, measurements by this approach can be obtained from signals too noisy to be
processed by a burst counter. However, neither approach has attained the same level of popularity in

compressible flow applications as the burst counter. One reason for this has been the lower signal fre-
quency limits of these approaches compared to those for burst counters. Also, both techniques require

substantial computer postprocessing.

The dual beam arrangement is often referred to as the fringe arrangement because of the fringe pat-
tern which is formed by the mutual interference of the two (ideally of equa7 intensity) incident laser
beams. This fringe pattern is depicted in Fig. 2. These fringes are parallel to the bisector of the two

incident beams and perpendicular to the plane formed by the two incident beams. The spacing of the
fringes xf is given by xf = ;/2 sin 8/2 where a Is the angle between the two incident beams and

is the wavelength of the laser light. The electrical signal, e(t) produced at the photodetector by an

individual particle crossing these fringes has the form:

eat) = e-gt
2
(1 + cos t) (1)

where the envelope function g depends on the trajectory of the particle passing through the sensing

volume, u1  is the velocity component perpendicular to the interference fringes, and t is time in

Eq. 1. Passing this signal through a high-pass filter produces a signal given by

e(t) e
gt 2 

cos 2 t (2)
2 f

that is symmetric with respect to zero and which crosses zero at fixed time intervals of

,o = (1/2) xf/ul .

In compressible flow applications, e is made relatively small (1 to 2*) so the signal frequencies do

not exceed the capabilities of the photodetector or the signal processing electronics. If the laser is

not operated in single mode, then high-frequency noise from the laser also becomes a consideration in
limiting the maximum signal frequency (Dopheida and Durst, 1979). Typical fringe spacings are in the 10

to 30 um range in compressible flow studies.

Because a and the light collection angle, a (Fig. I) are both relatively small in compressible flow

applications, the sensing volume is highly elongated In the direction of the ontical axis (i.e., the

bisector of the two incident laser beams). Its shape is ellipsoidal with a Gaussian cross-sectional

intensity distribution. The aspect ratio of the ellipsoid can be as large as 50 but likely never less

than 10. The effective diameter, which is determined by the diameter of the laser beams ahead of the

transmitting lens and the transmitting lens focal length, is typically between 200 and 400 sm. The upper

frequency limit of the signal processing electronics restricts how small the sensing volume can be.

WAVE FRONTS

BRIGHT ZONE

FRINGEU K INTENSITY

"A PATTERN

DARKZONE

GAUSSIAN BEAM
INTENSITY

Figure 2. Depiction of fringe formation at beam crossover.
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Forward-scatter light collection refers to the case where a in Fig. 1 is small while in back-
scatter conftguration, a. is near 1801. In wind tunnel applications, the forward-scatter configuration
generally requires that the light-collection optics be placed on the opposite side of the tunnel test
section from that of the transmitting optics. Although this makes for mechanical inconveniences, experi-
ence has shown that the gain of about two orders of magnitude in light scattered intensities over that for

back scatter is essential in the transonic and supersonic regimes when burst counters are used for signal
processing.

The burst counter is designed to filter out the low-frequency component in Eq. 1 and then measure the
average period of a given number of cycles of the signal (eight cycles is the most common). Pulses from a
high-frequency clock (up to 1 GHz) are counted to determine the average period. The number of cycles used
is a compromise between resolution and frequency limitations.

In the study of compressible boundary-layer flows, the two-velocity component systems which use the
two strong lines (4880 and 5145 A) of the argon-ion laser are the most popular. These two laser lines are
sufficiently apart that signal separation at the detectors can be accomplished by optical filtering. With
this system, four laser beams (two with x = 4880 A and two with x = 5145 A) are brought to a common
focus with a single transmitting lens. The results are overlapping sensing volumes whose fringes are
orthogonal. Usually a shift in frequency, fB is introduced into each pair of beams which causes the
fringes to move at a constant velocity, vf = xffB . With this fringe motion, forward and reverse ,eloci-
ties can be distinguished.

While frequency shifting is obviously important in the measurement of separated flows, it can be
important even in moderately high turbulent flows when burst counters are used. Depending on the turbu-

lence level, the number of fringes In the sensing volume, and the minimum number of fringe crossings

required by the burst counter, there is the possibility that certain particles will not cross a suffici--t
number of fringes to be measured. In which case, measurement errors can occur. The use of frequency
shifting, if properly applied, can prevent this possibility. The observed fall-off of the nea,-wall

Reynolds shear stresses in early studies (Johnson and Rose, 1975; Yanta and Lee, 1974; and Dimotakis
et al., 1979) of zero-pressure-gradient compressible boundary layers appears to have been at least partly
the result of not using frequency shifting (Schairer, 1980; and Robinson et al., 1983).

3. SIGNAL PROCESSING ASPECTS

The major difficulty in the application of LDA is that the signals from the photodetector are rela-
tively noisy even under ideal situations. This is further complicated in high-speed applications because

of the need for smaller light scatterers for particle tracking and the reduced residence time of the
particles in the sensing volume. The signal-to-noise ratio (SNR) for an LDA signal, defined as the ratio
of signal power to noise power, is approximately given by the following expression:

StIR - 3--hv (I + PB/Ps)Af (3)

where n is the quantum efficiency of the photodetector, h, is the energy of a single photon, PS is the
particle-scattered light power, PB is the background light power. and af is the instrument bandwidth.
This expression assumes there are many photoelectrons-per-filter resolving interval; i.e., the signals are

sufficiently strong as not to be photon resolvable.

The particle-scattered light power depends on the incident laser intensity, the Mie scattering func-
tion of the particle, and the location and F number of the collection lens. In general, PS drops dramat-
ically with particle size as will be discussed in the next section. The penalty paid by the burst

counter's ability to measure the frequency of individual scatters in a highly turbulent flow is its wide
bandwidth (large Af) which increases the noise in signal. The -quired instrument bandwidth for turbu-
lent flow measurements depends on the highest expected measurement speed and the fringe spacing. Hence,
the need for smaller particles reduces P while the greater speeds d2mands an increase in &f. both of
which result in reduced SNRs. The variable PB represents the total of all undesired laser light which
enters the detector, This generally will be laser light which is scattered from optical components, wind
tunnel windows and model surfaces. Well designed LDA systems using low-loss optics attempt to minimize
the collection of this stray light but it cannot be completely eliminated. The deterioration In SNR
caused by stray light can be acute when measurements are attempted close to model surfaces. In compres-

sible flow applications, an SNR of 100 (20 dB) would be considered quite respectable.

Burst counters have been designed to have some noise rejection capabilities; however, the signals

must be relatively clean or erroneous measurements can occur. All of the c-mmercially available burst
counters have a threshold level which determines the minimum level signal the counter will attempt to
process. The threshold level is normally set well above the switching level of the Schmidt trigger which

converts the signal into a series of square waves. Either the threshold level is directly adjustable or
Indirectly via a variable gain control on the preamplifier. Without this threshold level capability,

measurements are virtually impossible.
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Other noise rejection techniques comeonly used include 1) a comparison of the average period of four

or five signal cycles to that for eight cycles (other variations on this four/eight or five/eight compari-
son are now available), and 2) a three-level comparison which requires that the signal passes a + level,
0 level and - level in the proper sequence. Of these two methods of noise discrimination. it has been the
writer's experience that the three-level comparison is more effective in eliminating noisy signals than
the four/eight or five/eight cycle comparison. As a rule however, any burst counter will give erroneous

output If it is required to process signals which are sufficiently noisy. For example, a burst counter
can generate output from just the shot noise of the detector--the laser does not even have to be on to

obtain data.

In practice, an attempt is made to set the threshold level sufficiently high so all the signal bursts

satisfy the signal quality requirements of the counter, and yet sufficiently low that an acceptable data
rate is achieved. Generally the SNRs of the signal bursts are not measured in an experiment (this can be

done by digitizing and then Fourier transforming the signal bursts). Usually, measurements in the free-
stream of the flow of interest (where the turbulence levels are known to be low) are made to test whether
the signal qualities are sufficiently good for reliable measurements. In practice, the mimimum recordable
rms with an LDA is almost without exception governed by signal quality (i.e., SNR) and not the clock rate

of the burst counter. Although there are too many variables to extract an exact relationship between SNR
and measurement uncertainty, it is reasonable to expect the minimum measurable rms to depend inversely on
the square root of the SNR (Mayo, 1979; and Binder et al., 1986). The lowest free-stream root mean square
(rms) observed by this writer in compressible experiments has been 1% (the actual turbulence levels were

considerably less). These were cases where the frequency bandwidth was large since the flows of interest

were highly turbulent.

Care must be taken when measurements closer to a solid surface are attempted since the SNRs will

generally be lower because of an increase in PB. When the background light level increases, a common
practice is to raise the threshold level so that only the strongest signals are processed. Often a real-
time observation of the output in histogram form is used to help detect bad readings and to set the

threshold of the counters.

Because of the noise-in-signal effects, the LDA is not well suited for measuring very low turbulence
levels. The measured rms can be reduced to some extent by using two counters to measure the same signal

or even better, signals from two different photodetectors and then cross correlating their outputs as
suggested by Lau et al. (1981). The accuracy of mean-velocity measurements can be significantly better

than the minimum measurable rms if the noise effects produce a Gaussian probability density function

(pdf). This theoretically will be the case if the SNRs are reasonably high (Cobb, 1965).

4. PARTICLE LIGHT SCATTERING AND TRACKING

For the realization of accurate LDA measurements, particle lag effects must be negligibly small (see
also Chapter 7). To the accuracy of Stokes's drag law, the time constant (i.e., the 1/e point) for a

particle subjected to a discontinuous change in gas velocity is given by

od
2

TC = d ?84(4)

where Pp and d are the particle density and diameter, respectively and P Is the viscosity of the

gas. For fixed fluid properties and particle density, the particle response is proportional to the square

of the particle diameter. Analogous to the 3-dB frequency response quoted for hot-wire anemometry, but in
the moving reference frame of the particle, the particle response is given by f3dB l i/

2
,ic. If we

assume the step change in velocity to be small, the response distance xc can be expressed as
xc = ug9c where u9  is the speed of the flow.

Values of f3dJ and xc are given in Fable I for different sizes of particles with a specific gravity
of unity in a Mach 3 flow with a 293 K stagnation temperature. For lower Mach numbers, these values

improve because of the decrease in u and the increase in pg (e.g., ,g is 2.5 times larger at ambient

Table 1. Particle response based on Stokes's drag law for

M= 3, Tt - 293* K and particles with a specific
gravity of 1.

dp (pm) f3dB (kHz) x c (mm)

5.0 0.9 110
2.0 5.4 18

1.0 22 4.4
0.5 86 1.1
0.3 239 0.4



temperature conditions). For low-density flows as encountered in hypersonics, a correction for mean-free
path relative to particle diameter must be made (Becker et al., 1967) in which case the time constant is

given by

= +-2I k -
C pC

where L is the mean free path and k is the Cunningham correction; k = 1.8 for air. When the Knudsen
number is large, the particle response goes as the particle diameter rather than the particle diameter
squared. Because of this, Owen and Calarese (1987) suggest that an optimum seeding particle in some
hypersonic flows may be one that is nominally larger than normally used in LOA, but which has a much lower

specific gravity.

Since the particles are convected in the Lagrangian frame, it is difficult to assess how large the

particles can be, and still have negligibly small particle lag relative to the turbulent fluctuations.

Mean convective speeds of the turbulent eddies in a zero-pressure-gradient turbulent boundary layer are
all within 20% of the local mean velocity. This suggests that for a zero-presSure-gradient boundary layer

the relevant frequency response could be a factor of five larger than those given in Table 1. Supporting

evidence that the frequency responses given in Table I are overly conservative comes from the study of
Yanta and Lee. In that study, reasonably accurate mean velocities and Reynolds stresses were obtained in

a supersonic turbulent boundary layer using S um seed particles. Obviously, the effective response of

these 5 Pm particles must have been better than the 0.9 kHz quoted in Table 1.

Rapid spatial changes (such as that caused by shocks) or sustained st-ofg streamwise curvature are of
more concern than the response to convected turbulence fluctuations. Although locally the particle speeds

may be very close to that of the surrounding fluid in the situation of sustained streamwise curvature,

substantial particle concentration gradients can result which in turn can produce a biased sample of the

flow statistics. (The author is not aware of any studies which have addressed this potential problem.)

To illustrate the advantages of forward scatter over back scatter and the rapid fall off in

scattered-light intensities with particle diameter, results (taken from van de Hulst, 1957; and Gumprecht

et al., 1952) based on Mle scattering calculations are shown in Fig. 3. Light scattering intensities, i,

for water droplets (index of refraction, n 1.33) exposed to 0.5 om wavelength light for forward scatter

- FORWARD SCATTER,a = 0'
BACK SCATTER, = 180'

0 SOLID CIRCLLS INDICATE
CALCULATED VALUES
CURVES GENERATED BY
FAIRING

0XO.5 pmn
1
.33

10
2

101

100 ,

0 .5 1.0 1.5 2.0 2.5 3.0
dp. PM

Figure 3. Calculated light scattering intensities for water droplets (n =1.33) and 0.5 pm laser light.

Calculated Intensities taken from van de Hulst (1957) and Gumprecht et al. (1952).



6-6

(a - 0*) and back scatter (o = 180*) are plotted as a function of particle diameter. Up to d = 0.5 um
it is seen that the forward scatter intensity varies very nearly as the sixth power of the particle diam-

eter as predicted by Rayleigh-scattering theory. This is somewhat surprising since Rayleigh scattering is
theoretically only valid for d - x. A common seed particle in LDA are polystyrene spheres (n = 1.55),

and these particles show a similar behavior. The water droplet results are shown because more extensive
Mie scattering calculations were available. For a given size particle, Fig. 3 shows that the scattering
intensities in forward scatter are approximately two orders of magnitude larger than those in back scat-

ter. This is significant since Eq. 3 states that this results in two orders of magnitude difference in
SNR (Ps is determined by integrating i over the solid angle of light collection). On the other hand,
if the minimum acceptable intensity for accurate velocity meaurements were, for example, I = 60 then a
0.5 um particle could be measured in forward scatter according to Fig. 3, while in back scatter measure-
ments would be limited to 2 um or larger particles. If the system sensitivity were considerably less,

say I = 600, then particles as small as 0.8 pm could still be sensed in forward scatter, but in back
scatter, the particles would have to be 6 pm or larger (this is based on calculations which are off the

scale of Fig. 3). Clearly, substantial gains in sensitivity result from using forward scatter.

Because the intensities fall so rapidly for dp < 1 pm , it is difficult to effect any significant

improvements in the mimimum size particle that can be measured. Below d = 0.5 pm for example, an order
of magnitude increase in incident laser power would only result in a 33% reduction in diameter of the
smallest detectable particle.

The problem is compounded by the fact that it is nearly impossible to generate an aerosol which does

not contain some particles which are larger than desired. Since these larger particles will scatter more
light, they will have a higher probability of being measured than a smaller particle. The recent Mach 3

compression corner study of Kuntz et al. (1987) exemplifies the difficulty of generating sufficiently
small particles for trackability yet large enough for detection. Measurements across an oblique shock at
Mach 3 showed that the effective diameters of the oil droplets used for light scattering in that study

were between 1.5 and 2 pm. These particles have to be considered definitely borderline in the study of

supersonic shock-wave/boundary-layer interaction flows. In the Mach 3 shock-induced separation study of
Modarress and Johnson (1979). aerodynamic diameters of 0.5 pm were confirmed from shock-wave response

measurements. Realistically, this is about as small a particle that can be used in supersonic measure-

ments when burst counters are used to process the signals.

5. DATA REDUCTION AND SAMP ING BIAS

Most commonly, the flow statistics are calculated from the burst counter output based on the assumo-
tion that the sampling is random. Thus, the possibility of a sampling bias toward higher velocity parti-

cles as first discussed by McLaughlin and Tiederman (1973) is generally ignored. This bias is argued to
occur when particle concentrations are low because more fluid is swept through the sensing volume during
periods of high velocity than periods of low velocity which thus enhances the possibility of high-velocity
samples over that for low-velocity samples. Although this bias has been verified in numerous low-speed

studies (Stevenson et a]., 1982; Johnson et al., 1984; and Binder et al., 1986) and evidence of its exis-
tence in high-speed flows has been presented (Petrie et al., 1985), there has been a reluctance to correct
results for this bias. Fortunately, the effect of this sampling bias when present is negligibly small at

moderate turbulence levels (say less than 20%). The reluctance to correct for sampling bias stems from
the conflicting results that have been reported in the literature. Also, there is the possibility of
compensating errors because of inadequate photodetector response (Durao et al., 1980). This effect,
though, should be minimal when frequency shifting is used.

One way to avoid the effects of sampling bias is to heavily seed the flow such that particle interar-
rival times are much less than the turbulence time scale and then restrict the sampling of the counter to

much longer, fixed sample times (Stevenson et al., and Edwards and Jensen, 1983). However, this is not

practical in high-speed applications. Edwards and Meyers (1984) proposed that the degree of sampling bias
be determined by measuring the mean sample rate as a function of the velocity over periods short relative
to the turbulence time scales. With this information available corrections to the uncorrected pdf's can

be made. This agaii requires data rates beyond that which can be obtained in compressible flows. More-

over, there is an additional problem with this proposal because of the relatively long sensing volumes of
most LDA systems. If the sensing volume is long relative to the turbulence scales, then even if sampling

bias was present little correlation between sample rate and velocity would be apparent. Chen and Lightman
(1985) using this approach, observed a very strong correlation between velocity and mean sample rate for a

low-speed centerbody flow. But in that study, the flow was dominated by very large vortical structures

(their scales were large even compared to the 5-mm length of the sensing volume).

Theoretically, if the sensing volume is cylindrical in shape and of a high aspect ratio (this is a
good approximation to the actual ellipsoidal sensing volumes), the mean and rms velocities based on N
samples should be calculated using the following formulas (for brevity, only the expressions for the

streamwise velocity component u are given):

N N

u= Z wu, (6)

and
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N 112

i~l
<u-> (7)

1=1

where e is a weighting factor given by

112
2i + v + d wi  8

In this expression, p is the fluid density; and v and w are the normal and cross stream velocity
components, respectively; and d and 1 are the diameter and length of the cylindrical sensing volume.
Under the assumption of no sampling bias . = 1.

Although density fluctuations can theoretically affect the sampling bias as seen from Eq. 8, they are
ignored when corrections are made for sampling bias. For high Mach number flows, their effect could
become important. Also, since the cross stream velocity component wi  is not usually measured, the last
term in Eq. 8 is either ignored or estimated (Nakayama, 1985) in terms of 'u' and v'>. Because d/t is
usually quite small, this term is normally small compared to the other two terms.

The possible measurement errors due to sampling bias increase with turbulence intensity. Shown in
Fig. 4 are results for a transonic, shock-wave/turbulent-boundary-layer interaction on an axisymmetric
bump obtained using i given by Eq. 8 (with w neglected) and using i 

= 
1. Except in the separated
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Figure 4. Uncorrected and bias-corrected results; axisymetric bump model (M_ - 0.875).
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flow region (maximum separation occurred at the bump trailing edge), the differences are probably ,ithln
the accuracy of the measurements. And even there, the maximum difference in mean velocity is only S with
respect to the edge velocity. The largest differences were observed in the 7v measurements. Similar
trends to those shown in Fig. 4 were observed by Petrie et al. (1985) for a supersonic base flow.

The issue of sampling bias has yet to be resolved within the LDA scientific community. At the pres-
ent time, the two approaches given previously must be thought of as a bound on the data. This suggests
that the data be reduced in both ways to check the possible effects sampling bias could have on the
results. Given that both u and v are measured simultaneously, which is the most accurate way of deter-
mining the shear stress u'v', little additional effort is needed to reduce the data using both formats.
At very high Mach numbers, the potential effect of density fluctuations on the sampling bias adds another
level of uncertainty.

6. THREE-DIMENSIONAL MEASUREMENTS

The measurement of the third velocity component, w, in a three-dimensional turbulent boundary layer
with an LOA is extremely difficult. As discussed earlier, with the "duel beam" optical arrangeent the

measured velocity component is perpendicular to the bisector of the two incident beams. Since in most
wind tunnels, optical access is from the sides of the test section the measurement of u and v are
straightforward. Such is not the case for the measurement of w.

In boundary-layer studies, it is best to have the laser beams come in at a grazing incidence to the
surface of interest to reduce background scattered light. The most coxmon procedure in three-dimensional
applications has been to have a third pair of beams (of either a third color, a different polarizaion or
frequency shifted) which lie in the same plane as the pair of beams used to measure u, but which make a
substantial angle 4 with respect to these beams (Fig. 5). The velocity component sensed, in this case,
is r = u cos 0 + w sin 0. In wind tunnel applications, the angle * is normally restricted because of
limitations in optical access. This limits the resolvability of w. To improve resolution, electronic
mixing of the signal dependent only on u with the signal dependent on u and w was performed by
Asherman and Yenta (1984). In this procedure, the fringe spacings are adjusted so that the difference
frequency of the two signals depends only on w. Besides the added complexity of this approach, it has
the disadvantage that the SNR of the mixed signal is considerably reduced from that of the original two
signals which causes other measurement uncertainties. It also does not circumvent the basic problem of
reduced sensitivity to w caused by i being small.

An additional complication in three-dimensional measurements arises because of the small overlap
region of the third velocity component beams relative to the original sensing volume for u and v

(Fig. 5). Even when coincidence between all hree components is required to affect a measurement, there
is a relatively high likelihood that the measurewnt will be from two particles (one or both of which are
not in the overlap region) if the overlap region is small relative to the individual sensing volumes. In
which case, in addition to the desired velocity component pairs (ui, r3 : i = J) obtained from the same
particle, velocity component pairs (ui, rj - I J) generated by two particles are measured. Boutier
et al. (1985) refer to these latter velocity coponent pairs as "virtual" particles and show that they can
produce significant ovprestimations in w'. Driver and Hebbar (1987) In a low-speed boundary layer
study found this virtual particle problem for o equal to 60" to result in an underestimation of w'v'
by 20%. This represents a serious problem which will need to be addressed in future high-speed, three-
dimensional boundary-layer studies.

-- u, vSENSING VOLUME

OFF-AXIS SENSING VOLUME

Figure 5. Overlapping sensing volumes for three-dimensional velocity measurements.

7. CONCLUDING REMARKS

Much has been accomplished with LOA in compressible flows despite the difficultie uosed by the high
speeds and additionally by the rapid spatial changes in speed or flow direction in some cases. The suc-
cessful application of the technique is difficult because the SNRs are fairly low even under the best of
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conditions and highly variable because of variations in particle size and particle location within the
sensing volume. And, the available signal processing is not very effective in disc4rding signals that are
too noisy to provide an accurate velocity measurement. The temptation is to work with particles which are
too large to adequately follow the flow but which provide cleaner signals due to increased scattering
intensities. For the data to have credibility, some check on the particle response must be made for a
given facility and LOA system. The capability, if developed, of being able to determine the size of each
particle upon which a measurement is based and the SNR of the corresponding signal burst would be

extremely valuable in reducing much of the uncertainty now present in LDA compressible flow measurements.
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1. INTRODUCTION

In Chapter 6, 0. Johnson discussed the application of L.D.A. to supersonic flows, and described many

of the problems that can be encountered. Here, we continue that discussion by considering two important

additional difficulties: the problems of seeding and angular bias.

2. THE SEEDING PROBLEM

One would think that because the L.D.A. is an optical technique, it is non intrusive, that is, it does

not alter the flow in any way. In reality, it is not so simple. For supersonic flows, it is necessary to

have tracking particles which are small enough to folow toe i;uia motion, which can be difficult when the

flow gradients are severe, as in the case of shock/boundary layer interaction. The response time of the

particles was discussed in Chapter 6. It is often necessary to seed the flow with the appropriate size

particles, and here we are particularly concerned with the problem of the seeding technique itself, that

is, how the particles can be introduced without disturbing the flow.

Whatever naturally occurring particles exist in the flow, it is preferable to remove them by filter-

ing, and then seed the flow in the plenum chamber with "good particles", where a good particle is one that

faithfully follows the flow. In the supersonic flows, the frequency range of the velocity fluctuation is

extremely wide, and it is difficult to ensure that the particles are "good". In low density flows, this

problem is considerably aggravated because of low seeding densities and the augmentation of particle drag

with increasing Knudsen number.

To study the response of particles to an abrupt change in the flow condition in the absence of turbu-

lence, Boutier et al (1986) investigated the behavior of particles crossing a shock. In this type of study,

it is necessary to use receiving optics with a wide light-collection angle, and a very sensitive photo-

multiplier to observe the smallest particles with a reasonable signal-to-noise ratio. Boutier et al found

that latex balls of 0.3 Am diameter displayed the shortest response distance downstream of the shock.

Paradoxically, they observed almost the same response distance for latex balls of 2 pm diameter. They did

not offer an explanation for this surprising result. This could bring into question the equation of Tchen

fI947 f- thli mnvement of spherical particles across a discontinuity, as suggested by Gouin and Elena

(1987). Furthermore, it is also necessary to emphasize the importance of the quality of flow seeding. The

quality of the measurements obtained by L.D.A. depends greatly on the method of seeding the flow. It is

essential that the flow upstream of the measuring point remains undisturbed by the introduction of the

particles, and it is therefore necessary to inject the particles into the flow at a speed equal to the

local mean flow velocity. This is a general result, first demonstrated by Favre (1938).

Elena and Gaviglio (1983) showed that when an injector is used, the wake of the injector can perturb

the flow significantly, even if the speed of injection equalled the flow speed. They compared the L.D.A.

output with the output of a hot-wire anemometer and other probes to determine the importance of stream-

lining the injector in reducing the pertubation of the downstream flow, including the case where the injec-

tor was placed upstream of the throat in the settling chamber.

To avoid the interference produced by the wake, it would seem preferable to inject the particles at

the wall, especially for the study of boundary layers. However, Elena and Gaviglio showed that the resul-

ting wall jet can also disturb the flow, even when it is placed upsteam of the throat. Figure I shows the

result fnr tho turbulence intensities measured in the boundary layer on the wall of the tunnel a distance X

downstream of the throat. In the figure, V is the mean velocity of the seeded air emitted from a simple
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hole in the wall of the settling chamber, U., is the mean velocity of the flow in the settling chamber, S

is the boundary layer thickness, y is the wall distance, and and e. are the rms voltage fluctuation

levels measured by a hot-wire anemometer with and without injection, respectively. The results show that

the ratio V/Uch must be very small (< 0.05) to avoid significant errors in the rms turbulence measurement.

Higher injection velocities can produce large errors, even far downstream of the throat. The effects of the

injection are felt at all points in the boundary layer, but they have the strongest relative effect in the

outer region of the layer.

Injector hoLe diameter 3 mm.
1.3

1.2 ,-
#3

X=425 mm.

1.01 '  .8

02 0.4 V/Uch

Figure 1. Effect of the seeding process

It is also possible to seed the entire upstream flow, to avoid all of the problems associated with

injectors and wall injection. Unfortunately, when the whole flow is seeded, it may be necessary to stop '"

experiment frequently to clean the windows. In the case of a blowdown tunnel, this may not be such a prob-

lem because of the intermittent nature of operation. However, the cost of this type of seeding may be high,

especially when using latex balls. Finally, the seeding of the boundary layer flow close to the wall may

not be sufficiently dense when this kind of global seeding is used.

3. THE ANGULAR BIAS

Among the mechanisms that distort L.D.A. measurement results in supersonic flows, angular bias is

particularly important. Angular bias is related to the number of fringes crossed by a particle in its

flight through the measurement volume and it can produce significant errors when the number of fringes is

small. Whiffen (1975) has shown how the angular bias can be reduced by using a Bragg cell, but in super-

sonic flow where the measured Doppler frequencies are already very high (about 40 MHz), this solution is

not always possible. A Bragg cell typically shifts Doppler frequency to approximately 100 MHz, a value far

higher than the cut-off frequency of the counter preamplifiers used to improve the signal-to-noise ratio.

To retain a high precision of measurements with the presently available counters, a frequency of 45 MHz

must not be exceeded. Furthermore, although angular bias is usually insignificant in single component

measurements of a low turbulence flow, it becomes highly significant in two-component measurements of very

turbulent, and especially, supersonic flows.

Consider the example of a typical commercial two channel L.D.A. with the optics arranged so that the

initially parallel beams form the vertices of a right isoceles triangle on the focussing lens (Fig 2). The

probe volume is formed by a combination of two measurement volumes whose normals to the fringe planes form.

the angles Pfb and Wfg oith the horizontal plane (the subscripts b and g refer to the blue and green compo-

nents of ar argon ion laser beam).



Common
green + blue

green fringe plano blue fringe plane

X

green blue
optical axis

Figurc 2. Emission beam configuration

For each measurement volume, the cross section of the flow which intersects the required minimum

number of fringes Nn constitutes what may be called the "useful seeding cioss section" S of the measurement

volume. This area S was calculated for a one-component system by Buchhave (1975) and Dimotakis (1976), and

by Whiffen (1975) when a Bragg cell is used. The calculation was extended to a two-component configuration

by Lacharme (1984). and Lacharme and Elena (1987) who obtained:

S oSob - fb 2

(cos(e - fb) ,

S_ = mcd is the reference cross section of the measurement volume, l+ne n.asurement volume is assumed to be

an ellipsoid with c the optical semi-axis and d the vertical 5 mi-axis). Nn &.d Na correspond respectively

to the number of fringes required for validation and the actuel number of fringes. W is the angle formed or.

a vertical plane by the longitudinal velocity U and the normal to tohe fringe plane.

For classical L.D.A. systems, w, = A45 and wf, -- 45'
. 

Simultaneous validation of a particle with

velucite 6 on both channels implies that the cross sections S, and S, corresponding to the direction u are

different from zero. This allows a simultaneous "useful" cross section S,, to be dMfined (Lacharme 1984).

that is, S, = S, n S, = inf (S, S,). Figure 3, which shows S,5 (w) in polar form, illustrates the magni-

tude of this bias. When the measur ent volume contains just enough fringes required for vlidation

(N, = N), validation occurs only for the particles which have a velocity direction close to the direction

normal to the fringe plane. Validation cones for each component become very narrow, and the overlap ang)e

that characterizes the useful cross section for simultaneous validation approaches zero. Simultaneous

measurement is no longer possible in this case. To obtain accurate measurements using two-component L.D.A.

systems, it is therefore necessary to increase the number of fringes Ng and Nab to reduce blind angles,

and to reduce the angle !,, - Y,; formed between the normals to the blue and green fringe planes, thereby

inreasing the area of angular overlap between the measurement volumes. It is straightforward to show that

for supersonic flows the bias is negligible for singl. component configuratiois. A two-component configura-

tion is more critical; angula aias is no longer negligible because various instrumental factors strongly

aggravate it. These factors include the particle cha'-acteristics and the velocimeter parameters (laser

power, diameter and focal length of optics, photomultiplier gain, counter gain and thresholds, etc.).



7-4

<

Figure 3. Simultaneous two-component validation angle

The analysis of angular bias given by Lacharme 1984 shows that for supersonic boundary layers, a de-

crease in 4 is expected when fluctuations are significant. This is also the case for longitudinal inten-

sities when the correlation coefficient R., is close to I. The experimental study of a supersonic turbul'rt

boundary layer by Elena et al (1985) illustrates the existence of this angular bias. For example, Figure 4

shows measurements taken by single and two-component L.D.A. systems. It may be observed that the values of

lu'/1, obtained using a two-component L.D.A. are much lower than those obtained using a single component

L.D.A. in the region close to the wall (y/699 < 0.2), where Ruv is near -1 699 is the boundary layer thick-

ness corresponding to U 0.99 Ue, where Ue is the velocity at the edge of the boundary layer. On the other

hand, the results obtained by both systems are similar for y/6, > 0.7, where the fluctuations are small

and the correlation coefficient R., approaches zero. Figure 4 also gives results obtained using a two-

component L.O.A. for the distribution of 7 in the same boundary layer. A direct comparison of the two

systems cannot, of course, be made on the transverse component. However, using results from the subsonic

boundary layer studied by Klebanoff (1955), it was shown by Elena et al (1985) that the unbiased results

obtained for r. through single-component L.D.A. are very close to Klebanoff's, whereas the results ob-

tained for r and / through two-component L.D.A. are lower than those obtained by Klebanoff. This

reduction can be attributed, at least in part, to the effects of angular bias.

0.12 1 T 1

0.04 0

0 0 0

o00.04 -

0 0.4 0.8 1.2

Figure 4. Distribution of turbulence intersity

a) Fluctuation of u'
* single-component L.D.A.
o two-component L.D.A.

b) Fluctuation of v'
o two-component L.D.A.
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Measurements of Reynolds shear stresses are best obtained using a two-component L.O.A. since the

longitudinal and transverse velocity components are measured simultaneously, in contrast to the case of a

one-component system where measurements must be taken at two different beam orientations. Besides the

necessary to assume stationarity, errors can arise from distortions and displacements of the L.D.A. mea-

surement volume during the rotation of the optics.

Given the uncertainty of the values of the boundary thickness Sq., corresponding to U - 0.999 Ue and

the wall friction i,, the various measurements of Reynolds stresses by Johnson rn. Rose (1975), Robinson et

al (1983), Elena et al (1985) agree to a satisfactory degree throughout a large portion of the boundary

layer (see Figure 5). For the inner region of the boundary layer, the values given by L.D.A. in supersonic

flow are generally lower than the subsonic boundary layer result of Klebanoff (1955), and the estimations

of -uv made by Sandborn (1976). This decrease is also related to the consequences of the angular bias.

0 .+

0.8 + 0 +

0 '0

0'

0 '0

00.4 0.8 2

Figure 5. Turbulent shear stresses

a Elena et al (1985)
+ Johnson, D.A; Rose, W.C. (1975)
0 Robinson, S.K. et al (1983)
- Klebanoff, P.S. (1955)

These low values of -uv near the wall were also observed by Johnson and Rose (1975) using a one-compo-

nent L..A., as well as by Dimotakis et al (1978). Robinson et al (1983) suggested that "the roll-off in

shear stress near the wall may be due to the use of L.D.A. systems with stationary fringes". The results

obtained by these authors, using Bragg cells to provide moving fringes, seem to show that at least some of

the effects of angular bias can be eliminated in this way, when it is possible. In other cases, it should

be possible to reduce angular bias by decreasing the angle p. Angular bias also affects the measurement of

the third velocity component in the case of a three-component configuration. The validation cross section

then depends on the intersection of three-component probe volumes. Angular bias then becomes a problem of

utmost importance.
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Summary

This chapter is concerned with the wall pressure fluctuations under zero pressure gradient and perturbed cotipressibhl
turbulent boundary layers. The method of measurement, common sources of error and calibration methods are discussed.
Analysis of the published data in zero pressure gradient shows that due largely to poor spatial resolution there are few. if
any, really reliable measurements. Within the accuracy of the meast,:znents. it does appear that the structure of turbulence.

in equilibrium supersonic boundary layers is not significantly altered 1:' compressibility. In perturbed flows most of the data

are in shock/boundary layer interactions Attention is focussed on the separation process which is characterized by laie(,

amplitude, low frequency shock-induced p. 'ssure fluctuations. on the separated flow. and on the outgoing boundary layer
Results are presented for two- and three-dimensional flows.

I Introduction

Knowledge of the wall pressure fluctuations under supersonic turbulent boundary-layers is frequently required in aeronautical

design. From the most general point of view. the wall pressure depends on the surrounding flow. and consequently reflects the
salient features of that particular flow. Its prediction is. therefore, a complex problem. Since a wall pressure transducer is a
non-intrusive device it is very tempting to use it extensively in such situations as separated flows or shockwave/houndary- layer
interactions. Tre making of such measurements, however, shows that they can be very difficult, particularly in supersonic

flows and even in zero-pressure gradient boundary layers, the validity of many of the measurements is questionable.
An attempt is made here to provide a brief introduction to the method of measurement, emphasizing those points which

the experimentalist must pay careful attention to. Two types of transducers are popular for measurements in supersonic

flows; piezoelectric and diaphragm sensors. The analysis will be restricted to these two types. Various sources of errors will
be described briefly. The data for zero pressure gradient boundary- layers will then be analyzed, and an assessment of their
accuracy will be given. Following that, the main features of pressure fluctuations in rapidly distorted flows will be discussed.
The few data existing in this case are mainly in shock wave/boundary-layer interactions.

2 Method of Measurement

2.1 Types of Transducers and Sources of Errors

In recent studies in supersonic boundary-layers only two types of transducers were used: piezoelectric and diaphragm trails
ducers. Only these types will be considered here. Those points which must be examined and the precautions which must le
taken when measurements are made in supersonic boundary-layers will be described. For more basic considerations and for
other types of sensors the reader is referred to Blake I198b).

Piezoelectric transducers make use of the fact that some crystals or ceramics output a voltage when a pressure difference is
applied across them. In diaphragm transducers, the pressure difference deforms a membrane and this deformation is measured.

The main disadvantage of piezoelectric transducers is their sensitivity to acceleration and cable vibrations. This type of
instrument can be used only in facilities free from vibrations and must be mounted with great care, using, if necessary, special

materials. In diaphragm sensors, there is generally a cavity, so that in addition to the natural frequency of the membrane
resonance and anti-resonances may occur. For example, for a cavity of 0.1mm depth and 0.7mm diameter, transverse
and longitudinal waves may be expected. For waves travelling transversely, the lowest resonance frequency corresponds to

fluctuations for which one quarter of the wave length equals the depth of the cavity; in the example cited, this corresponds
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to frequencies of about 700 kHz. For longitudinal waves, the lowest frequency is such that the width of the cavity is one
half of the wave length. In the same example, this would correspond to frequencies around 200 kHz. In such cases it is
important to check that the major contributions to the phenomena under investigation do not occur at frequencies near tile
resonance of the transducer. Moreover the use of "pinholes" and/or screens which protect the diaphragm from damage from
dust particles can change the shape of the measured spectrum. Finally, the main advantage of diaphragm sensors is that
they are practically insensitive to acceleration and for this reason are easily installed and used.

These transducers have to measure fluctuations at rather high frequencies. In a turbulent flow of thickness 6 with an
external velocity U,, a typical frequency for the energy-containing eddies is U,16. The upper frequency limit is of order
UfC, where is the Kolmogorov scale; it depends on the turbulent Reynolds number. However, for the flows commonly
investigated it is assumed that the velocity fluctuations can be safely measured if the frequency cut-off of the instrumentation
is greater than 5U,/6 (Kistler 1959, Gariglis et al. 1981). For example, in a Mach 2.3 boundary-layer with U, = 550 m/s
and b = lcm, the typical frequency is 55 klz; this means a minimum bandwidth of 275 klfz is needed. It will be assumed
that the same rule applies to pressure fluctuations.

2.2 Common Sources of Errors

Generally, transducers are affected by moisture and dust. However, in wind tunnels where tile quality of air can be controlled.
these difficulties can be easily overcome. Two other areas of great practical impoitaice are the spatial resolution and lit
flushness of the transducer mounting.

The qn11t'i~ln of spatial I-solGM,, h1.s h'u ,a Inein dlad{ ul low ,Ipe qnilibrlun bomudary Jay,. rs ,. for teX~mihde

Xil I It l 17 ) ,,r I,, kef tc ;lIti.  Aln itptt aint I, wrifbition vs, made by (or,os f191631 s) ,det cloped a I herv f",I
calculating thne tllping die t s-natial integraltion. lI lis theorv, ii is asslitled that le two-dinlensioll;d tltCtra of r iu,
(or two-point filtered orrelatioiu are know: the iv%- were takent froii experini-ils. It) suiunarv. the :,1 dalping pot i,
predicted to occur roughly at a non-diiensional frequency wr/-(. U 1, where w is lhe circular frequen-y, r the radi is of the
transducer and U, the convection velocity of the perturbation considered. The results ar, generally in good agreement will)
measurements, at least in the medium frequency range.

A simriai theory thas ,,, been developed for supersonic flows; in the. next section, it will le shown thit within iit-
range of accuracy of the available measurements, it is reasonable to assume that the statistical pirperties are comparable
in supersonic and in subsonic zero pressure gradient boundary-layers. Considering again a botnidary-laver with U, = 550
m/s, for a transducer with 2r = 0.7min and U, - 0.6[7_ the value f = 150 ktlz is obtained for the frequelly limit gi ei h.t
2r fr/U '. = 1.

Moreover if the freque-icy f = U,/2r7.r is constrainedh to be larger than 5G. /h, a rough but simple crit-ion f,,r tile required
diameter I of tle transducer is given by

fI U
d < -

i.e. d < 0.0-l

This "outer flow scaling" formula provides a means of determining quickly the size of a transducer. knowing only the thickss
of the layer.

Another approach has been tiused by Emiierling (1973) and Schewe 11983) for subsonic flows. It uses tile fact that tIh
wall pressure fluctuations depend on soie volume surrounding the point where the measurement is riade. but are tiainly-
influenced by the wall region. In particular, Schewe deduced from his measurements that an ideal transducer should have a
diameter less than twenty times the viscous length scale V,,/u,, where V. is the wall kinematic viscosity and it, the friction
velocity. Schewe indicates that in his boundary-layer, for which the Reynolds number is rather low, there is still an appreciable
amount of energy at the "viscous" frequency u'/v,,,. An example shows the correspondence between this viscous scale and
frequencies which can be found in the flow. The Kolmogorov length scale = (,/a)'I/ (f is the dissipation rate per unit
mass) can he calculated at the point y+ = 10; at this point p,,, f r./4p., so that ' /2 ,v/nu. If Taylor's hypothesis
is now -- ,ad, as U I-_ 10u, for Ui+ 10, a frequency scale is deduced, f = 5v/2u2/v,. The viscous frequency scale ua/v, is
then a ,.der of magnitude below the tipper frequency limit in the zone of maxiiiuri production, If these resuts hold also
for supersonic boundary-layers, two criteria are ibtained lor the diameter of tile transducer d and the bandwidth f, of the
system:

d < 20v,,/u,

ft > It'/u". f2)

It call be seen that condition (1) caii fe fulfilled, and not condition (2), if 6+(=- snrt,,l is larger tlan 50U, i.e.. in high
Reynolds number boundary-layers.

Finally. a common source of c.rror that should be carefully checked is the tranisducer Ilishbness. It is obvious that, to keep
tile flow undisturbed, the departure from flishness has to be smaller than v,,,/t,. To the best of the authors knowledge.
no systematic test of this scaling has been made; however the measurements of Cloe (1969) and Hanly (1975) support this
idea. Moreover, their results show that if the sensor is protruding, the measurements can be seriously in error: the r.m.s.
pressure is changed and tic coherence and phase functions are significantly modified in the energetic range, so that two
point measurements cap IIIe diastically changed. On the other hand, if the transducer is slightly recessed, the changes in the
measurements are less significant. In practice, it is difficult to install the transducer flush with the wall with an accuracy better
than 0.01 rm. If v./u, is less than ,Olsmm, as is often the case in high pressure hlowdown tunnels, the best recommendation
is to recess the transducer slightly.
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2.3 Calibration
Calibration problems are of the same basic nature in subsonic and supersonic layers. Only those problems typical of supersonic
flows are emphasized here. The fluctuations to be measured are typically in the range 10' - 103 N/rn

2
; their frequency range

is often larger than 100 kHz.
One possibility is to use a loudspeaker to calibrate the transducers; due to the very high level pressure fluctuations

special eqssipment will probably have to be built. Another approach, and a more common one, [see Kistler and Chen (1962),
Doebelin (1966), Raman (1974)] is to use a shock tube to produce a pressure step. The frequency response of the transducer
can be obtained with the possible resonances. An interesting variant of this procedure is to use the pressure step across the
shock wave produced by a bullet in supersonic flight (Raman 1974). In this way, a very rapid pressure change is produced,

allowing calibration at high frequency. Fcom the response to this step the transfer function of the transducer can he deduced.
Frequently static calibrations only are made. The shock tube tests of Raman showed that, for the diaphragm type transducers
which are widely usesd, static calibrations differ by only a few percent from dynamic calibrations. When dynamic calibrations

are not possible and if multi-point measurements are to be performed, it is recommended that comparisons are made of the
output of different transducers placed at the same location. Front the comparisons at least consistent sets of data can he

obtained (Dussauge 1983).
Finally, with many commcercially available transducers, the lack of spatial resolution, the problems of cavity resonance,

etc., may make it difficult to measure fluctuations at frequencies beyond 100 kllz. Hlowever, fur lower frequencies accurate

Measurements can be performned.

3 Pressure Fluctuations in Zero Pressure Gradient Supersonic Boundary-
Layers

3.1 Introductory Remarks

As discussed is the previous section. thre main sou rces of errors are:

1. S',atial integration, which acts like a loss pass filter, and reduce., the standard deeviations. B v reducing tile cilitribitstin,1
tif tire I weakly correlated) high frequencies, this increaseq the atitocorrelatiosi atid two-point correlaitis.

2Spitrioits signials due to tiiiriei noise anid vibtrati0on; thin increa., es the r.m.s. value.

:1. I-etoi noise which inceauses the stanidarid deviation: as its spectral content is usually liicated at high frequlencies.

its characteristic tine scale is very small. so that genserally correlationls are educed by stubh noise.

ikev available slat? may hie affected by' all of these prolslers. As a first step. all attemipt has beeti made' to evaluate 0eir
int i serie on the published results. For oibvio~us rasons. it is sees difficult to deterine ite noise level it) thle expneri nit,s.
Howisever in mtost cases it is possible .o determine approxitriaselc'r the frequency rut -off. and 

1 
to check if thle titeasurr'niens Are

alfecte'r liv btandidt irkImit at ions. In this case, tile analyNsis is also dlifficult. because tire pressurse fluictuationis dlepsen iii t b-t Ii
Mlack numbiier anid Res.nolsis number. For this re's', tilie ratio a wc,,-shere (7, is tilie sitandard dheviatin of th It-pru's~ in
fliuiesuations and r., the wall frictionr. will he examinred, becautse it is prcubabl% a weak hind ion of thle Macb onutiler. I here is

nri widely' accepted correlaioun which gives this functional dependence for supersonlic zero-pressure gradient bcirdarv-lac*,' rs
NMoreover, inspection of the availabile data shosws that the range oif Revinoldsiuiur explored is rat her limit ed: fsir exalti) tie.
tre K arinan numibter u blil, ranges frosmt ahouit 800 for Debieve's data (19831) to 10.000 for Dloliing anti Mu rphyv s resitits
( lt9.h). We now assume that low speed formulations give a reasontable indication of the Ileytiolss nuirmber influence on

feir a fined Mach number. For examrple. Simpson et al. ( 1987). rising the numnerical resuilts of Pantitt anid Liriearger (19741
bf ind that ap/r5 . varies as +fi nds 5  t 9.2.1110. Such a law givces a variatioti of only 7r( fiso/r,. ir tile case' of tile pee

flows. Thus, it is believed that the observed trends are not the eutnsesjtsence of Rleynolds nirber variationus.
Trhe effective bandsvidth for each set of mteasuremnents wvas also evaluated, It was ldone' as follows: the cut-off firesritcy f,

of tilt electronics circuits was first noted. The equivalent etit-off frequency f, litie to shpatial intetgrat ion was calctilat ed floort
C oreos's work; it was definiedl by the relation 2rf 2 r /(, = 1 . 'Ike frequency .f2 was d'eerminedr' in tacit case' wit it, = 0.6f -'

The' smaller of fi and f2 swas thetir chosen as the up' frcequency limit oif thti rueastlremtlels.

I his uippe'r limit was then conmpared tin chiaracteristic frercisem ies: tll first ivas the freqi,'tit vsoa Ite Of the enlergt-tit-
strltares of tlet hotiinlar .lave'r U'jtt the secondt was the viscois scalt' ri?/,, ult'ittt' iii Srecti 2.2. Fit)IItll. ft,-e l-li.

If rIll t rantsdulcer tianit'tr d+(-_ tli,/i,J, was5 examlined'l.

lIt,' svltut tiralliietlr t eining 11, lundar 'v-la -vtr. rnutrtlv IT,. iS . 1nt> also hall to ibt' definted. Win thetse' l(ilaino,

frier titittli iirt were eulvuilattul tisinig rut' fotrmutlas tripttsetl bts Micel' 119601i. In genellral. tiie a(( uiracv l is qtilsi t~ill-.

,,, poiteut it by~ Ferrhuttie andt Virilet' v 11980. btii int hi' aliserse' tifally otthir irnftormiatin. the vains's rteponrted'1i *iv I It( nth
wtti' a.t-, eti. l1inis mtay bs e tail, if u'lulitiuotal scatte'r in tine idata. lit ats is- t' l e iemoistrait'di ithe nexrl't se-i owni.

dosriot rhauigt tlit corlclisitrls tif the' analYsis.

3.2 Analysis

Figure I showss thle ratio o,/r. pliitt tl versus the non titirisitttal cuit-off fre'qtuenrcy f(Ntf . IHie valuits otf a, Art' lit corritI vii

(otr sptial restuIntion errors. except irs the ease of C'lit antI Handy (1969) antI of Speaker anti Altinar ( 196(l). whotid nor

pulisht'e tas diata.
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-- I [ lk.y holds N u hille
Symbols Author Mach No. ] . X 10

-
1 rYoT_ Numbs

a Speaker and 1.4 1.81

V Ailman 1.81 2.30 A
t>4 2.52 3.08

3.45 5.33 0
C Muck et al. 2.84 8.54 Ax A
A Tan et al. 2.99 5.42 + 0

Dussauge 1.76 0.50 Y N± Debieve 2,3 0.42 A
Maentrello 1.42 2.99 04

y 1.98 2.67 O V '2.99 1.83 a a

+ Kistler and 1.33 3.5

A Chertn 201 1.57

X 2.6 1  i 51 l (er al c a
1 35 1.55 4 6 t6

Z 3.99 1.65
4.54 1.47
3 .00 2.22

0 Chyu and 1,6 1.80
a Hanly 21 1.36
0 i 2. 5 0.93 Figure 1: Influent, of Cut-Off Frequ-ncy on Pressure [:urinations

A first observation is that few data points ha-, art el',ctive cut-off freqjuent' larger thant 41" /"; this is .generally' dil" to
poor spatial resolution rather than to th limitations of the electronics. Only Mr. stre lo. lijsth'-r and C'hen. and Muck et ai,

took measurements with a cut-off frequency larger than Wf'I8 A second disturbing observation is that the results obtained
by the same author, i.e., in the same wind tunnel and with the same electronics, have very close values, nearly indlependtir
of Mach number. Reynolds number and non-dimensional frequency limits. This suggests that the measurements reflect in
some way the peculiarities of the particular experimental set-ip and consequently the real evolution may he masked. For
example, IKistler and Chen's data have systematically high values. The third observation is that no clear conclusion can be
drawn abot the dependence of a,/7, on either cut-off frequency or Mach number.

The same data are replotted versus jfv[n in Figure 2. There are only six points with at abscissa larger than t it5.
indicating that a large part of the high frequency contribution from the flow close to the wall is supressed because ol po,,r
spat al resolution. It is not clear if in high Reynolds number flows it is necessary to reach the dissipative range to outain
accurate r.m.s. values. It is, however, clear that all rmeasrurements have been performied with a tot narrow a bandwidth.. As
with Figure 1. no obvious uIderlving trends are apparent.

.A linal attiempt was nade bIv plotting act/,, versus
dufv,,. (Fig. 3I, as irrotrsed 6, Enierling 11973) and Schew,

( 19831. )ata with d
+ 

> 500 were excuded. ['ie nutber next
to each data point is the Mach nurtuber. If the results of

C1 lSchewe can be extended to the present experiments, the mea
sirrements underestimate , if d

+ 
is larger than 20; in partic

6 A ular for d
+ 

larger than 100. ere should prolhalty be todipli d
ny L. if there is rio othr soure of error. Again. no idett iliable

trends appear in this form. neither tor the inlene of d
+ 
or

A for the Mach number depentdetce.

Y C __ _

~399 a

454A 035 x26 12i0

&3-98 "299 5303 Y198 .2.52

12-3 1'63"454 2-95

005 01 fVW176 925 s 299

0 inO 200 300 400

Figure 3: Effect of 'Iansdrcer Size on tie rms
Figure 2 Itrfltrene of Co'rlr-Off Frequency on Pressire Flrctuations Values of Pressure Fluctuatrons (Symbols s in Fig II

Iontinued). Symhols .s in Fig I tNumbers adjacent to symbols indicate Mah Number)
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It should be noted finally, that for the higher Mach numbers, the measurements of MaeSrrello sent to have the better
band',ith. Some measurenments of Kistler and Chen were performed with a reasonable bandwidth. although the results seem
systemiatically too high; this suggests that their results could be affected hy noise or spurious signals. As far as the value of

d+ is concerned, the measurements of Debieve (1983) and Dussauge (1985) are satisfactory, whereas those obtained by Muck
et al. (1983) have a good j5 5 /U. parameter.

In conclusion, it appears that the measured values of a, in zero pressure gradient supersonic boundary-layers are probably
too low, if they are not affected by noise. As a consequence of the damping of the high frequencies, the shape of tlse spectra
can be distorted; in particular if they are normalized to unity, the low frequency level will he in error. Moreover. with

the data presently available it is not possible to define the effect of the Mach number on

3.3 Characteristic Scales - Space-Time Correlations

An examination was made to determine if some characteristic scales cosuld be deduced fromt the measurements. IThe first one'
was the integral tinme scale deduced fromo the integral of the autocorrelation coefficient or from t he extrapolated value of tile
spectrum at zero frequency. A length scale was deduced by using Taylor's hypothesis. 'Ibis determiination was -itlier ver%
difficult or impossible. for, very often, spectra had "buimps" at low frequency which prevented extrapolation. Horwever. when
this was possible, it appeared that the integral scale could be niuch larger than the boundary layer thickness, if the effective
bandwidth was too small. For measurements with d+ < t00, the integral scale was typically 0.1L. a valn,, consistent with the

results obtained in low speed flows.
Space-time correlations were examined, and it, particular the locus of the maxima for various values of thle ss'naration

distance xc. [hey are shown in Figure .1. It is common to plot these results versus x16', 6' bs'ing thle displacenment thickness:
h, is Widlely used for scaling quantities in low speed studies, and is unambiguous, for it is proportional to 8 but call be

determined much niore accurately. In supersonic flows, the ratio b*/8 depends on the exter',al Mach nunmber. aild iac*
produce some scatter. Hlence an alternative approach based on the following reasoninlg was preferred [see for example ('orrsisl
1 1963)]. It is wvell known that fro~m the maximum of the space-time correlation a -convert ionl tim(e for the eddies can be
obtained. During this time. the strurture loses a part of its coherence and there is a decreass' ti the (orrelation. Ibis lo~ss
of (orrelation for large separations leads to the definition of a characteristic time ("eddy lifetime" or "turnover time- of

bhe large eddies. T'his time shiold b~e proposrt ional to tile tins'e scale of tu rbulence in the boundary- laver a hich is thes' thie

aliirpritesciiig uailiy.ais 551 is dlis's b s/V'l' were Ais some leng5th scale, for exanple an ints'nral scale, atiid

it0' a typical valus. of tile s'loiit hlurt tiat ins. InI the preset t case such imiasuremlents were slot availabulesoi the frict iun
%elo ity U' twas choisenii's tile s'-lioity ,ak s alisld I8 as tIls- lezigth - als' of tles energs't iv edidies: i le ki ne'iatic displacemuent
th icktnsss e, = . - f/f' i would probably have iteei easier to uss', tint was not iii general givetn liv the alithors. I

should lie rioted liat thi' elfist i ye bandwidthf of these tileasti Istielits is generally' loiwer thiaii for th liehteriniiat ion 4 1111
r.iics. aces: 'ithter all analoe orrelattir initroiduing ii loiwer ciit oiif wats used, or tile sanipliunt ratie wits idecreased to, r-'ordl
twou cl~inn' 1, f 'la . A "Isuto-ii rsult is plotted f,,r tile, sake' it icompiarisoii.

t li-vu & tlasill' %1 .I6i 1I

Mutcketal. 4,NI 2. N4 j- -
Speaker k' Ailnian %1 3.- 15 -------

Misestrello ~ M 1. t0t -O---
NI .03 .. i

Schtise tM .0l2 T
Tran et al. M 2.99 - - i

Dussasige N 1I 1.76 0 _4- e
Blnttal M 2.70 1 0.1 0.12 0.13 0 .4 X , ,

Kistler k Chn IA1 < Al < 5 shaded zone

tiy'iss 4t. optIunusI staye-i ii',rrvttous ,,f WA I psu
fluictuitions III sii-sriiu,,i hundarN Ins 555

Sotme ofi t tis curves ti 'iguirs' 4 have rather high vallies. thI u-nVI rrs'spOiu essetiially toi cases wcithi a very liiiits-l freqjiitt
ratige. Wh len d+ is small,- thle cuirse lien in a range near the sitbsotic ivalsies. ishlatever ths' MIachi tiuiiiber. A pari, solar t rs'so
is observedh for K istler atii Cb 'n's results: they fall usnidsr t louw speed

1 
data, whiats'ver d' attilt 'k's I'ltis resriIt a is I ts' fa.ct

that the values of is, reported by these aut hors are thle larger otnes suggest that thIts signal-tor-ntoise ratio of thIis iiastrs'iiitell
could be low.

IConsisderinsg the accuracy of the meiasiurement s, a first cioncluision is that thle charact,*ristic titie scale of she( energetic Ipart
of tile pressure flutctusat ions sents to be of thie same order of miagnituise as in s'u sonir flows. I'his confrihins that t Its' si ructitre
'if turll lenve in equilibriuimt supiersonic hrsnniary. avers does not ss''lin to he significattly chatige,[ Is v cotiiprs'ssibi lily' . Anioths'r

conclusion is that there are nG reliable meiasurenments of the variance of the wall piressure' in these flows. THie re'asonrs are'
the poosr spatial resiiluiion atis profbably this' nsisis atid vibirat ion iii msany wind tunnels. Trhese phtenotretna largely affect
the high frequency part of the fluctuatisins so that all the phenontena involving the low freiqiency part of the spectrumn
cart be measured reasonabily accurately. For examiple. thes pressure fluctuations produced by an oscillating shock was's it a
compression ramp flow occuir at liiw frequency, typically O.IU,/8, anid ran be measured with cosnfidence.
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4 Measurements in Perturbed Flows

4.1 Introductory Renmarks
There are many flows of interest in which compressible turbulent boundary layers are subjected to sudden perturbations.
Buffeting in the transonic regime is one example and has much in common with other performance-limiting phenomena

such as dynamic inlet distortion and buzz. The interaction of a shock wave with a turbulent boundary-layer is probably
the most important class of flows in which extremely rapid perturbations in pressure and temperature are applied to the-
boundary-layer. There have been many experimental studies of such phenomena, but only in a small fraction of these studies

have wall pressure fluctuations been measured.

The earliest study in which measurements were made is probably that of Kistler (1964) who investigated forward-facing
step flows at Mach numbers of 3 and 4.5. In the late 1960's and early 70's, Robertson (1969,1971), Speaker and Ailman

(1969), Chyu and Hanly (1960) and Coe et al. (1973), made measurements at speeds front transonic to supersonic. Much

of this work was motivated by the need to predict the fluctuating pressure field about high-speed vehicles. From the late

70's to the present, wall pressure fluctuation measurements have contributed to the understanding of forced and self-excited
oscillations in transonic diffuser flows (Chen et al. (1979), Sajben and Kroutil (1981), Bogar et al. (1983), Sajben et al.

(1984) and Bogar (1986)). There is currently renewed interest in unsteady aspects of shock boundary-layer interaction in
external flows, particularly the separation process. Wall pressure fluctuation measurements are the majority of the new data.

In this section an attempt is n '- to summarise what has been learned from these measurements. Only naturally unstead)
flows are included. Forced unsteadiness, induced by oscillating boundaries or time-varying upstream or downstream boundary

conditions, is excluded,

The review is split into three parts. The first deals with the region bounded by X. and S. where X. is the interaction start
(defined as where the mean pressure P. first increases above the undisturbed level 7,.,) and S is the separation location (a,

indicated by surface tracer techniques). Because of the nature of the pressure signal. th , is called interinittent. The
second part deals with the separated flow and the third concerns the outgoing boundary I streaoi of rcattachment. R.
For organizational purposes, results froni nominally 2-D and 3-D studies are discussed la,5  ieparate sections. lowerc.
since they share many common features, they are discussed together where appropriate.

4.2 Two-Dimensional Flows

4.2.1 Features of the Intermittent Region

Typical pressure signals measured upstream of S in a separated compression ramp flow at Maclh 3 art, shown iu Finure 5.
The moving separation shock generates an intermittent wall pressure signal, P,.. whose level fluctuates between the range
characteristic of the undisturbed boundary layc.r nid that o" the disturbed flow dos.nstreau, s-f tire -hock. "ho're is sore,'

c'itden u o suggostt that the instantaneous separation point and shock foot are 'sst-itially at the bar,: hlcation ai,l that S
is th' dowlistream nounrl;r of a r,-gios of iitr-rniitci setparatioit [(h(-u et ai]. (19791. tirattia.i and ltiling I -tSr r. II,,-

froant io rof he- tilil- I hat th flow at an point u, i'm irb ., igivn'i y Iy he int-rntittT-ll V. -' i r-,is,- dowss tr-ni l -i X u I :

JIst t1 tt arn of S. -, 1.(. kitli r (1961) wa, probal ih( lirst to observe this i-lnavio l I Ih,- iiw. ii' ,i I-
sine l,-i -en,,il ii (lows geinerated by unst'

1
n aid san'pt coiliiressio rainps. helicylindrically blunted i-. s larl liii at

angle-of-attack, circular cylinders. and in shock-indued separation ill transonic diffusers and On transouic airfoils.

Tlie unsteadv shijck calises a rapid inicr4as- ini Cr uipst real]

of S A typical distri sution of 0, iS shown ill Fiure 5c. For

a " 3- reference, the niorm.alized distribution of mean pressure is also

Cl shown. Although the pressure fluctuations increase down-
i j 2 t stream of the shock wave (compare the signal at times 11 and

R2 0 t2 in Figure 5b). this contributes relatively little to the overall

.- or. The shape of the distribution upstreai of S is common to
s all shock-induced turbulent separated flows. Similar distribri-

0 Itions have also been reported in studies in which the pessure

-3 0 -2 0 -1 signal was not shown or discussed explicitly and includes i-

b)-.- - cular cylinders at transonic speeds [Robertson (1969,1971)).bl 1 00l a impinging shock waves [Speaker and Ailman (1969)]. and ax-
P. t2 d) isymmetric flares aiid steps [Chiyu and Htanly (1969), Coe et al.

# 15U_(1973)1 os-er a wide range of flow i-ondition-. Dowinstream of S

tl 3 s I the shape appears to be a function of the type and scale of thv

.0 separated flow. The nraxiniui value of a, occurs upstream

nozn lIt 3 n n /6 of S and is a signific,?nt fraction of the local P... A relatively
Lf I / simple analytical approximation expressing or' in terms of the

contributions of the upstream and downstreamn pressure fields

is given by Debieve and LaChariie (1986):

Figure 5- Mach 3 compression rarnp flow (a) flow featurs (b)
pressure signal upstream of "S" (c) distribution of mean pressure 0r2 (1 2 P- + -YP, +

and rirm of pressure fluctuations (d) interrittency (Ap)'--- () 
+ +

- ,
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where (Ap), is the mean pressure rise across the shock and subscripts u and d refer to the pressure Fields upstream
and downstream of the shock respectively. The only inherent assumption is that the upstream and downstreans fields are
statistically homogeneous. If ap. and apd are small compared to lAp), which, basedl on experimental evidence, is a reasonable
approximation, then the expression can be simplified to:

,7p

which has a maximum at -y =0.5. As a check, (Ap), was calculated from (up)._, for thle 24'. Mach 3 rompression ramp
flow of Muck et al. (1985). The calculated shock pressure ratio was 1-6l compared to a value of about 1.7 -eveballed" from
the pressure signal. In practice, (a,)-,, appears to occur a little further downstream at I 0 -6 - 0 -7, hut as a first

approxiiuation the above works well.
For comparison of results front different flows and for determining the length scale of the shock motion. it is necessary

to qtuantify -y. Different authors have used different techniques. In all methods, the objective is to calculate thre fraction
of the tine that the flow is disturbed. Dolling and Murphy (1983) used the criterion P,,, > PF_ + .3a,: Narlo (1986) uised
P,. > 75_, + 4 .5a,. and Andreopoulos and Muck (1988) used P. > T where T is aii -eyeballed- threshold . Methods using
two threslioldshave also been emiployed [Narlo (1986l)], Dollinsg and Briisniak ( 1987). A brief description is given iii section

4.2.3.
In practice, I increases or decreases as the threshold is changed, but the curses do not change shape; they arc simply

shifted st reamiwise. TIhe distribution shape is similar to thre normal probability dist ribsution fiinctionl IFig. 5d)I. For all cases
4for which y has beeni reported, tile interiiit tent region extenids from X, to jist upst reati of S. U p to this point. there i, no,

evideiice that it correlates with any inicoming flow paranieter.
-%trck ct al. (1985) aiid Diissauge et al. (1985) used a rotatable wall plug in whicrl .1 Kulite transdiicers wsere installedi

in-lilt" with spacing, = 0.236,. Figure 6au shows simunltaneouisly saimpled signals upstream ,,f S in a Macli 31 separated
cotipreision ramp flow, for the t railiicers aligneid longituidinallv . When the shock is u pstream oif a given t rainsducer (i.e..

chaiinel 2 at time III). the pressure indicated by it aiid the 2 idowinstream trainsiducers is essentially I the saitic end aboiit equalI
to the pressure level at S. This suggest's that. tile instaltAticons shock structure' ii thre intermittent zone c'an be described
by a single shock w.ave. TIhe traditiomia' view, that 15, increases through a nommiisally steady comiipressioin faii appearc t)h

incorres-t.

1..P a) 'ri.,suc signal, ini the 'aloe thn wvith t; phia ri,: iii

~o '~9'hfFig, I,) Iss ..v halthel, shock fr,,iit ha, porvivi 4- ripplus
is. vith Ii vavleiigt i as siiiall (if iiot siimallr Iblaii 0.23,%, aridl as

isI ~\~ fyi \ <1 ~large (if iiit larger) thiaii 0.619h_, lltssalice ti al. , 9* 3 al
'>4: noted spantwise innsziiforuiities, iit) ihe'o momi-cirrelatjoms iof

Ii lml~~~ Lthe signals at dilfferenti spasuvise locationiis. The it tillit t('i

1~'~ ~ ~ I),'~ s~n,, (isplayell st rong spanlwinon mit iiforiiiis. Thlese ol,r.

H ch3 vatiolis agre qi~alitativelv sviith ire results of Settles
r'o-"~"''- Nwhich shoun thlar thi' separation Iline is wavy lvii I a repetitin,

10 2 spanrwisi character. Rliabile qu:anititative I data or, tI( lie
h2 v,, struci ur. if an. at' lacking anit a fruitful area It.

cf, futiure work.

~ti twl 4.2.2 Power Spectra in fhe Intermittent Region

0 1-5 3:0 4-5 6:0 7:5 9:0 Power spectra at the location of (a_., are shownt III Fig. 7

7-The itiodel geomtiries and flow conditions are giseri in lie leg-

p_ b) end an is thre frequecy resolutionl, Af. aiid t ire numiber of data
,Irecords. N 1, thle spectrimi is basedi on . All of these resiilis

ch 4 were obtasined in the Princeton U niversity Macli :3 Ilowdosyn

tunnel either at Station I (b, 1 If cm i ) or at Statioii 2 (b;
S2-2 cm I in the tunnel floor boundary layer. Thie data in Fig. 7

151)~ are presented in thre commonly enmployed forom fGlflar) vs
ch3 f. plotted oil lincar-log axes, where Gif) is the one-sided.

auto-spectral density functioti. 1'he choice of plotting axes is'-U ~ ~~an important cosdrto.Since a' f.' Gf)f 1f thieir for
I ch2 visualising thme cointribution of a given frequency range to orl_

linear-linear axes. although awkward, are probauly % the least

risleading. An alternaive approach which has the advaittage
clii that the area uinder a given cursve segumeni is linearly propor.

tional in the contrihutioge of that frequency range to p cis to
8 ta s an lms)plot f - G(f) vs f oii linear- log axes, The frequency range

0 a 1 16 0 24of shock osc illation which is characterised by high sriplittudle
Figure 6 Simultaneous Sanipled Pressure signals upstream of S" fluctuations, is thenr tmore ivident thiati whuen pldot ted as GI f

in Mach 3 compression ra.iip flow (a) transducers aligned vs. f ol log-log si-al, ats in done for curv I iii the itiset at
streamwise (bh) transducers aligned spanwise the t op of tile figs re.



However, plotting f.- G(f) % s. f does suffer (coin several
draw backs and care must be taken in the interpretation. Cons-
pared to the linear-linear form, the logarithmnic representation
may mask the low frequency comiponent which is rejected to

zero. Second, maxima in JG(f) occur at each poitit where
G(f) vs f in linear-linear formi has a slope of -1. This tpoint
has no particular physical meaning and is riot always in the

Curve Stat./Genes. (SP AffIzI NR dominant frequency range. Thirdi, peaks evident in tile origi-

3 124'i ramp 0.7 48 600 .n to miseading interpretat ions. Normalizing by al, to force
4 2 /2 0 ' r a m p 0 .6 5 9 5 n a0 ine a r -liun d e r lt c u v t o n i y c a n b e a l a s d o e f r e u e n i e l e a -

5 l/16' amp 0.4 15 36 ls the true spectrum and the true or hiase been measured.

f7 1/D=2.54 cm 0.84 156 36 If there exists a frequency cut-off, then as the area is ton-n
8 1/16' sharp fi 0.21 97 72 to unity the low frequency range of the spectrut will be in-
9 1/20' sharp fin 0.33 97 ? 72 correct, even if the original dimleinsiotial spectrum was correct.
t0 1/12

0 
sharp flnu - 97 72 I the incotming boundary layer and separated flow zotnes, fre-

- indicates unknown; a., in psi quency cot-off is a pervasive problem, and normalizing by all

G~f: is not recommetnded. On the other hand at (op )_ where
a large fraction of tile energy is at lows frequency, little error

0 l- will be incurred.

a;'i1 Pwer spectra iii the iriterniit teiit regir i olier 2-D) flows.
tO1 iti transnic normal shock interaction in diffuser., arid shock-

r , induced separatin on transonic airfoils all hase sinmilar chiar-
10104 acteristics. Even at very high freestreamn velocities arid with

thin boutidar - layers. wchich getierares extremely small tioir-
scales. W/U, power spectra iiidicate low shock oscillation fre-
quencies; spectral center frequencies are typically 2 klz or

10less. Although anl idea of the raru r of shiockl firqueuic, all

lie rdeduced from power spectra. ses-eral authors have Itri- to
isoslate' thle shock miot inn coripoit si t hr pressure-gia
and determne the shock prospert i sepsaratel. Ai brief de-

j scription o~f the techitiqucs errijloir- , It,! soune if "he ni-sulli
9 folloiw ill th Irextcs sectiont.

4.2.3 Separation Shock Wave Frequency Estinuates

8 To isolate the shock coimposnent of the pressure. signal. sev-

eral aithors have emnploYed conidit ional sampling algorithmtts.rrM Thbeir commron feature is the conversion of (Iir' pressutre sig-
7 sal (Fig. 8a) intoi a "box- car" of ampilitudhe unity and sari-

lug frequency (Fig. n8b). The titte T, between consecrutive

TTM passages of the shock over the transducer is determined arid

1. 006 statistics performted to obtain the probability distribution of

T, aiwl the rmean value T,,( LE, where N is thre nutirr

5 of tperiods. It should be noted that l1T, is the shock zero
crossing frequency. f_ alit the mneanr shock frequency. f, is

0. 50 the nuimbier of crossitngs tier second of the traiisducer by tile
shock wave, whereas the mean shock frerqiency is -LF'ui

2 where fi = IT,. Since the pressure signal is of a turbulent
flow. pcecaiitionis mont be taken to etisure that high -frequenc-s
turbulent fluctuations are not inadvertently counted as shock

1 waves. This problemi, and others, are discussed lbelows.
0.~~~i 00 Inecr work (Dffling (& MurphY. ( ~Shja siiigle thresh-

STM Io00f oild T swas used1, as indlicatedl iii Fig. 8a. T was set equal tos

2. 0 3. 0 4-.0 T. +r :ia,, iere slllrseript a rcfrr to, pilrilwis iof the riurlis

trirbed boundiary !ayer. Thus, when , increased above T,

t his indicated the start of the shock passage upstrean over

Fiuxurp 7 flower spectra at tocaion of (a, Iw ~ the transduocer. When P. fell below T, this indicated the

end of the shock passage. Hlowever, because drift and zecio

(curves 1,-;f ii axes us shown, curses 4-P)i are shuifteid 0,3 units of shifts cause small dic offset~s frotn test to test the results can
f. Gf(/n- upwards) be inconsistent. Andreopoulos and Muck (1985) improved on

P ~this by "eyeballing' each signal and choosing T just above
the largest fluctuations of the boundary layer fractioni of this
signal. This technique was used in the 24*compression ramp

IL
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flow at Mach 3. T, was found to be approximately 7.buU
Further, T, was independent of position in the intermittent
region and ramp angle (i.e., independent of downstream flow
conditions). f, was equal to 0.13LT-/b,, which the authors
claim is the same order u the estimated bursting frequency
of the turbulent boundary layer. These two results led these
authors to conclude tbat 'the incoming boundary layer is the

P[psi] a) most likely cause triggering the shock wave oscillat ion.-

Although this method scolds the problems noted above, it
5.0 - is subjective and difficult to apply consistently. Ilossever, a far

more serious problem is that many~ "false shocks" are cosunted.( Fig. 8 illustrates the problem. Fig. 81b shows the -ideal" Isox-
40 fl C car. as judged by eye, for the pressure signal in Fig. 8au. Fig. Sc( shows the box-car from the algorithm, in which turbulent fluc-

tuations such as A and B (Fig. 8au) are inadvertently counted
A T B as shock waves. Because these -shocks" are artually turbsulent

3. -0- fluctuations they occur at high frequency and their inc lusio:
t [is in the box-car drives f, higher. No matter what level T 1s

1 1 set at, flucti atioss such as A at(l B or the series aroundC
0. 0 2. 5 5. 0 7. 5 10. 0 12. 5 (Fig. fu) wvill alwayvs create false shocks. Thait this probleml

is sign iticant, can be seen tiy locating the value of f, 10 Iti

FU-16 /
6
v 3.1 kliz) on the corresponding power specirunt PoFbc Ti Fig. 7. f_. indicated by the arrow labelled -sI M". is arouvil

the uppe~r boundary of the shock freqttincv rasne.

bi lu avoid this problem anl algorithmi using t, threshiold,

tiprthreshtold 2 = P + 4 .5crp atid t he lower useT
BP,. To calculat- -P,, a "windlosw -of width A\P is stepped

Atrough tlte pressure sigtal itt stmall increnteni5. st a rintg at

Cl the miunimum in the signal. At ecdste:1p. thte number of dataJfl ~ FLF F _-!1LF1_ poitis ia Lite window is conttedl. Sice the t tansditcers itself
in thiese experiments showed thlat the Ittessure fluctunatiinsrts

1 the undisturbed boundary laver are d~stributesl norttiahll rte
-position at whicht the great est tiiber of dat a points ocrcsL w v- ----- d] brackets 75-

0 -The standard tdeviation, ap.. of the boundary layer piortiton
[ins] of the signal is thens calculated. 75, + 1.ap was chosen forI _L T-2. since the probability of findintg poitts greater then 4.5avr0. 0 2.5 5.0 7.5 10. 0 12. 5 absove _P, is very low (i.e.. 0.00)00068). Hlence, pressures aboive

T2are characteristic of the flow thowrutreato of the shtock.
aitr pressures helows 2 are chiaracterist ic of tlts tutdistttrbedl

Figure 8 Conversioni of pressure signal tntti box-car (a) origisal boundary layer. This approach sets T 2 cottsistenttly just above
signal (h) box-car judged by eye (I) bux car from tao-threshold the largest fluictutations of the boutntary layer. airs autontati-

alsgrithm cully takes care of d.c. offsets or drift. The process requires

rat subjective inptut frosm tle user.
Initially, if P,. < T2. a flag is set "off-. ]'he algorithm then checks sutccessive data points. If the first poaintt is le'ss thant

T2 and the second pointt is greater than T 2 antt tlac flag is "off,. this marks the start of tlte passage of a shock. The couinter
that records the time between successive shuck waves is thetn initializedl and tle flag is then se't 'on. Further crussitigs if T2,
are not counted until P., is less than T1. Termittation of the shock occurs when this happens, attd the flag is reset. As shown
in Fig. 8d this process largely eliminates the counting of turbulent fluctuations as shuck waves.

Distributions of f, using this approach are shownt is Fig. 9a for cylinde~r flows at Mach 5. f, is a nmasimumn at - ::0.5
in both castes; abotut 1.6 kliz for 1) 1.27 cms atid about 1.2 kli for D = 1.91 CItt. These values are indicatedl by arrons
labelled TTM on their correspondintg power spectra in Fig. 9h and fall close to the center trequery of the spectrum. .Nado
(1986) also calculated f, using the single threshold ntuethorl. These values are indicated by arrows labelled STM in Fig 91,
arid. rnsistent with the ramp results muentioned earlier, are significantly higher than the ceter frequency. TIhle two-thresiolul
algorithm was also uised

1 
by D~olling and Narlo in Macli 3 blunt fin flows. With only a few mecasuremsent stations in, thle

intermrittent urie ne'ithrer thle dist ribsution of f, or (f.) (,ss ould be defined scr - accurately- . For D) = I1,27 crul arid 2.54 , in
was estimated to Ise ahout I kilz antI 0.7 kli, respectively. Again, these~ values fell close to the power spectra cenitr

frequencies (curves 6 and 7. Fig. 71.



LI if. I lowever. t his algoritn hit ouces a new, prob~lem. If two
shock passages are closely spaced P, Ila-% n,,t fall b~elow P -

4f, [HZI DIcm] before increasing again, and thle flag is not reset. I wo shock
C ® F27 passages are then counted as only one. 'Io examine this, and

150 o '.~ + 1-90 also assess the sensitivity of f, to tile threshold settings, T,
1.0 8 and T2. were sstsraticallv varied. First, with 7', P, 75_ Twas

+
+ + ~ 0varied through a series of values given by P,+ no,, :<0n<9

0++ + (00 Next. T, was increased to P5 -+ 3cep, anrl T, varied as b~efore.+
1.00- ~ + 0 Withr this highec value of T,, P. only has to fall hack within

00 the range of the turbulent boundary layer in order to reset
+ tile shtock countier, whereas with T, P, thn p~ressure ninst

40 +deraetbeo e navau.Snetpclrslsi

0-50 0. an 0.5 are toow inFg 10. At low 1, resultslat
_+ tvl-vlong periods of uadisturbed Iouoafarc lac' er flowv or(cur

++ ewe successive shock passages, the chtoice of T, is te,,

0 ritical than at higher 'i. Also, at higher svaltues of -, whens
0 7T' = P, + :lnp.. T, iust tbe set significantly higher in order

0 0-2 0-4 0-6 0-8 1O0 to avoid turbulent fluctuations being coontedf as stoik scacs

Iix_. if T, and] T2 are too close the trielho ir
1

-ine,s iiuil~i ,

0.36 Gi It J_ TTM oIcm] a single threshold tnethod and has sitilar problesi*j If T is

032 - .7et abv , or higher, fhis then relatisvely insen s- I o
O 3 ------ 127 futiher increases it) T,

5 28 It is evident that althoitugh f. canntot Il pinipointed pit-
24 ~ciselv, it catl be itracketel svith in a nriarows rat,. ' I lie, lowvr

0 4TTM honn'darv of thle rattge cortesponil to 7, ,.T-=7.

0.2 STM 1~~.5a sre tirqire that P, fall be,.low' P " e 1, ho'

n,1 wa"'' ves. 'I hie upiper hbotindarc iv se t 7' T P, e_ T '
P~, 4-Gap - Wit h these as hoitnds. f, 15in the rag U.t5 () is.5

0,12 4 , hkli for al 01.2. At the higher . tle %ariaionir is la i','r

n uis '.STM 1 .2 1.5 kily.
0 4f~~l In sntitarv. resulits frottt single t hreslohld tintliuils gis

untrealistically high estitmates off. IThe 4550thretlold resol',
01 sf21 p~ n u s aetir e'eeiaiea,

1
-ostttsihtls-icall. setoihi,-

bo-lA-sfTard 7_,.].cat, ebita, Xid wns his in sir n ti
Figure 9- Ia) Sfhock zer, crossing fr-quetirysi ful,, tiiit of ratsgo. Quatiit alivec. thle sAl ts itf(f )_ fit,, ;he i-,,-

Ib) power upt-tra hti j05 lilind-r, aT Macifnhlosi~' 5l)til, 'iriirlte v ',ialsv is,) ithl,- p ,

nit, center fr,-qitt'tcv suggesting eitfier itclii i-ould 1-i~
Tiued to est insue the tuaxinrunt zero, crossing (rcen- ,,.IHoss

fj kHzJ ever, statistical itnftorrnat ion cotncertting , and f, at, nt lw o

2. 0-P provided bY t he algorir lirti

-0 + 3(7po 4.2.4 Space-Timne Correl[at ions /Shock Velocities it
a Intermittent Region

Lotigi idi nal space-ti tue correlations Rppr -) c alculate blIt
Mu ck et al.- (1985) iti a NI ach :3. 24'conlressioi, rais 1,-tv

art shown in Fig. 11. The spacing, , bet ween, rransdli,
1 0 varied fronm 0.23-0.6 fif 1 alt houtgh ottly curvNes fir tie stial ler

valute are shtown htere. T1re case X/2,, = -2.15,. =!5 01.23:
has tfle upstreattt tratnsducei,-t at p )_,~ And

1 
show's t he lea-

- ~~ttsres of-such correlations arid tilte difficuiltie's of iritenlirel atioti

0.5 l=02 One souirce of difficultyv is that twoi differentt phshical plirnoisi-

neua ,,ccir tioget her. Tlecre is shock motint in t fr i ralpU tll
______________________________________I___I_ atit dlownstreanm tdirectionts sitperposed ott cons-ective tranis-

3 4~ 5 6 7 8 9 10 port of turbulent eddies largely in the dovtst reatin direction
otily. This feasts to difficulties in itrpretitng tle valtues of r

Figure 10 Sensittvtty of shock zero crossing freqaency tot at which maximia itt l2,, occur.

threshold settings
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N I a) are the samte o~rder as veloit re fct Satioinsia t he flows uI~d
NTOT AL ____and this result "represents turt her es idence, thfat The- tudim-

2 r f~ence of the inacotting boundarv fayer is largelv respiasi l~lr frr

I L ____ fite shock wave inotiou." fHowsever, the shock is an iterface
___ - and propagates with respect tc, the fluid at a veliti' w hich

depends on the upst reafli and downst reait, cond itiotis atiltita
'in 1 f be i ndepenident of velocity fluctnat ions. I fence, thi., is af(file-

I tionabie conclusion ast this stage and( is not supaported i, hrt

-- ~ ' ~ results of Fran ( IWil) obtaindil usilng The V1IA I.,hili0piI fVariabile Interval I iflie Aneraging). I rani's wor k vsa, 11, i

's I Mat %1. 1. 3lowdos I, fic ilit libut w ii. 20'cip
MEAN rattip. One tratisdcli %IaS plar-d on fthe uptea.51 finn
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Um iling was carrieid oat oi i te downnstreamir )li'- I Ie, I lireslull
'J~bi .02 005 0,i I.. G.S 1set I hg (alirlIt dtleterariles if anl rent' las -( it ir u-fl isa. fixed

I and integrat ion timoes wsere % aried frot Ihr 6p, i 0 1 p Isi- fat-
N b) tail little elfcit onl Ilie magnlitutie (if Theidonsit re-amt si_
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,Ildffe-rent fre-quenicies between 0.03 < fh/U. < 0.8 is generatedl at different levels of the boundary layer, ranginig front
,ightly above tie( zero velocity line to the free shear layer."

Rloos ( 1980) obtained similar correlations in studies of transonic airfoil buffeting. For fully separated flow front the shock
to the Trailing edge, peak time delays were positive, indicative of disturbances moving downstreami. By band-pass filtering
before cross-correlation, the frequenicy dependence of the convection speeds was established. The results were similar to those

of Coe eit a]. A trore complex tdistturbance propagation patterni was found when shock-induced separation was cllowed by
reattachmtet ile crcoss- correlations shosw upstreast andi iloi5nstrean propagatiotn of disturbances, indicative of acoustic and

cotnvective modes.
('0e et a]. triedi to determitne the extent of the interactioni betweetn the shock oscillatiotn and pressure fluctuations its the

separated flow by simultanieotisly sahmplitng the signals in both regions and calculating correlations and coherence functions.

Tfhe ro 'ift!:cc tbat the fluctuations wecrc related onily at low frequescies, fbltf, < 0.04 (in this case 2uu ttzj. The

colteretice at these lows frequencies decreased rapidly downstream of the shock, bitt a coherence of about 0.2 persisted w-eli

itnto the separated regioin. Ne-gative phase angles sbowcid th-st the convection of tbe mean related tUrblecIcI'Je Was cipsticdri.

indicating that at low frequencies turbulenice in the separated flow has a strotig influetnce on the shock oscillation.

4.2.6 Reattachmaent and Outgoing Boundary Layer

Theire exist fest data near reattachmetnt or in the outgoing bonudary layer, largely because of tunnel constraints. Msodels

such1 as comitpressioni ramps hive to he long enough to avoid trailing-edge effects on reattachmetnt, bitt short eniough itc avoid

tunnel blockage. Generally outgoing boutidary-layer letigths ace short. InI compression ramrp flows ap/73, increases towards

reattachmienit. (Icyu and llarly 1 1969) report the same behavior in axisytmnetric flare studies, although these data miust bce

interpreted with cautiotn since the cut-off frequency was low. D~ownstreami of R, ap progressively decreases, andi continues to

(to so after 75,, reaches a constant value. Thew slow readjustmnitt is seen in the skewness and flatness coefficients. [lie skewness

psasse-s thfriiughi zero about 36,~ froii thle cortner; close to where 1P, b~ecomttes co~nstant.- It thlen dlecreases atnd levi-Is off at arounitd
-0.2. It is ifflicult to judge a-bet her it rentainis constant or increases slowly back to zero. The results for thle flatniess art-

e-qcially con fusinig. At the downstreamn bouindary of the mreasuretment regioni, thle value is albout 31 ands alt1 arenti y increasing.

I he poser spectra I MurphY. 1983) are suggestive of sorte uninsucsl features in the ou t goitig bounidary laver. D~ownstreanm of

R3, a*~ "bulge- developed iii tlie spect rum: at the furhcct, doiwnistream stat ion.- it spannted the rang(- i-I12 M iz - iorntisicatinti
t icctrr ivi st ructures of si rv-arniicse extent abiotit 26,.

Seli g et at. ( 19)86) mladet siritaitciis a-all pressure arid] mtass fltix rtiiavtirentis ill tic S ame ictirsiuramp flow

A Itfiotie I ccrrelations bietweenc the ivosignials were lots andt aippearedl to ifcltititat id by t ciriiel lutist'. rt'p itiass flits ita
sirettie-its re-vealted somre interesting ri-stilts. Front t he a-all toc close , thi- ciddle of tit(, bounrdary layer. protbalbility tdens>iv

list rifbutions ce-nte'red arounid a sintgle salti- equtal toc tfic in cmitng freestri-ati iitccss flttx. Futin eir outi than the trildcfl of the,

lcutindar% laci, tlte (fist rilticc Li,,,,-iteied acroundct a sinugle talc- ] eq toi thec citass if,[iscowislictarn if the intc-raction. In the

tilw-,- tt ilit cuts wc~r- ci~cl incdicative- of ati icuvincit cit sirial csith I icis at 1),)t It valc.-. Simiilar tu-lirtci' flat--

cc itc r, tt-1 Icd ll)c. ck cI il. ( p~is I . S- lip '-1 al. si.- o lt lci, "tlightii l-ct--edcf llce. Its Ia, litr-Gti- occrt,,5 ! c-S

losjcw Ie c-rclitin flct iit, cparatiottltllclri cud sac cvit ithct it,. l It c tilt,, mow c cial~ uise. IT, 1 T-- r Vcite

fOTcctt Th Ic--parateil floss antu ira-hu-ii clccisitr-aici.
Ilcivii liservatin agre up sci- i ~tativ-lv witi l ic tccrliclc-tice iiceasirei'rtirscf Icc ( 1979). lelerv 191, lls) aid Artloicceaci

ITl. Ic-ve ticacli i ctctaiit-tc'rtccittr ic- lii ciri :r itci vriit-l i s', I :'aic lticitiiucressicn ratifi flowis at .11, =2 25

I lit- saXirtia Ill th 1-l- 1cSpestiIra ccre Itytatecl itt-at 25 hklcitcr e cittan after the inte'raction. itnferringp large-scale sit itocs

ccl li2t'] iii extent it Iccct.t cacy Sctiti vi icerie fc 'it csticlilicssc" isa tit, c,,I rli heirofiles cloise tcc Itt' csall cicwttst r-ac

ci tcr itfraiicu c-liili-cl icl urtitis (col arocunid I I0 1,11zll: assuinrg that tratisport phienionmena are rcesponisile. r ci-

cccrcsc ctic tcc flowt sli tic e in- toic 5-s ill e-xt-it. it'e cctiliiAc thatctrids as ncii turbtulenice. ccii rather 55ci5 cliii tcc a -a

ph-Iobld tl-clac-i-i ocf tr, h lountclar, lNcs lirchfiih it : cc-p~ja~ititc icctabilitY-
Driers ttsedc a lasir -I..ccciu-iir ti sliickidcf i-i-cl flosw ii a 2-I)trarisonric cfianirel Iil, owvTistraii rielaxationr

cc a ric-i-sjiiililc'iiiiii silcic cias cirS aracIltal ciscto :Icc ilIcic li"I'ec-f the large- st riicturev in the ouctgcincg ibis whtichi forrccc'c

it-ar tit, iccs ck rooct.- a reioct of tucc''rbutlecct ;irvclcitiiiii Arclcnci'au miadfi tuirbuilence meiiasuremients iii tite sane flucs

is 1,(-( .cisinig ;i lasir c-lcccirlter antI a unisiatit termpi-ratture hict cviri-. It isas cicic-ccecl that a largi- amoicunt of tiirhulewi

i-re'rv it, cont ained ic largi-alc strcure is. A ti'vpicat -calie is 26 in i the streari diric titi arid 10 sparisdise. A- Lee'es tre

Woclia c-ccrk hadic ucgge-silf t its-se v rci tres dcc sot lose ft-eir cohderenrce' (hiring lie int'ractlioni withi the it-arc si'lcct o

hlj'cl Stiartisi cccrri-lartics slcccsscl at car ii oif icilileic0 t r rcitires, a-ifth cinrigiouis counter- rotatiing s-crt ices. Fls, acni-i

aWilt) the flow s-i~ilivticr srI ccii- iof Sc't i iict iccictrast s wiirh t- wscrk of Selig it al.

4.3 'rhree-Dhiiiensliltial Flow

41.3.1 hutroductory Remiarks

f-ar ficv-r -sxciriitccur ft -c I c itticacli it i-I) flowci and tfti data are itioi' difficult to irnte'rpret ,incic ti i' iiiiitar la 't-r

'-ant Ill' liglls-kews-i-c. I It- tiajccriiv if Icc'- data are ti shc,- ave coiititary-la "c-r int-ract iotis. Thiese incluide 1oc.s inclutcc'
h.% hlarpc firts atl anite-Ialtictk 'Iran. (I f " arc el al.. (19851. 'Iran et al.. II1985d or by herriccliicricall.- lunite-d fitis
j~olliung arcd llccgcfcnclf. I Nil. Il)llsg art' Narlvc. WNt'7 ( or ity circular cylindebrs aiti puiileraritc-v l'ctertsotr, (1969),

it 111 Ni- I. I c I~i~c I ilrc ticd Narlic. ( liS7)j Scciii adlditionial urT pcublishedi wcirk ;it swepit c irriprissiccs rartit floiw, and

flow-,rc i icc-cl lv -cinc , oneu aclja-cc to a ilat uirfaceis I~ itt-c by [tart 1".6).



4.3.2 Blunt Fin and Cylinder Interactions

These two flows have much in common. The boundary layer separates, about two diameters upstream of the leading edge. and
then rolls up into a vortical structure which develops spanwise arid rearward as a horseshoe vortex system (as in incompressible
flow). This structure gives rise to the characteristic double-peaked center-line mean pressure distribution- The streamwise
scale of the flow field (anid flow spanwise development) depends largely on D, and only, weakly on b [Dolling arid Bogdccnoff,

1l982)1.

Between X. and S, the pressure signal is intermittent as in 2-lD flows and op increases rapidly, with a maximun uplstream~
of S_ The magnitude of (ap),.- decreases spanwise, but not rapidly, [Dolling and lBogdosoft, 11981 )j. Since thre length of the
streamawise region bounded by X. and S scales with D, not b., L, may be a fraction of b. to several b.. dependent onl D.
Thus, the length scale of the shock motior can vary substantially in a given boundary layer.

Distributions of f, a a furction of -y for Mach 5 cylinder flows were shown earlier in Fig. 9. The distributions, for both
cylinders are similar in shape but have different maxima; as noted earlier for the 1.27 cm anid 1.90 cm cases it is approximuately
1.6 and 1.2 kl-z, respo ively. This suggests that the shock motion is in some way influenced 'cy the downstream separated
flow dynamics since the incoming flow conditions ace constant, and only the cylinder diameter is changed. 'I'll naxiinntnl
frequencies are low; more than two orders of magnitude less than a typical large eddy freqjuency. L _16( 120 kflz). Suils
low frequencies ace reported in blunt fin flows at %Mach 3 (Boiling a .nd Narlo. 1987).Sila

Probability distributions for the shock wave period calculated rising the two-threshold algorithm are highly sbit-ed with
the menca period about twice the most probable value. Some typical results at -, 05 are showvn in ligure I ). I he
distribution for the smaller diameter cylinder has a higher probability for shorter periods and vice-versa. Art intprestinc
feature is that, although the mean period is a function of I~ (for a fixed D) acid a function of D (for a fixed 11 ile 11cc-ci

probable period is approxirnatels- constant )m 0.-I - 0.5 trust at all st atrins for both cylinders. No explanation is available ts
explain this result.

fit 3l-D floss a idels carier o- utPspara t d flc~v c ic-utr-

t~k zlcanl exitl dlepenidling oil the nuctodlI geotlrv. shock sirenat I:
t~~k Hz] and parameters such as lRe iic-lds number anti Mac i ciitiilcr.

1.4- FLAT PL1iTF lIn blunt fini aind c-lindcr-indcecl flows. thle qualit at is- ot rscc'A iii ~tre can best b~e stidcrstooii in ternis of vortex so-stn Hir o wc
1.2- D=1 7c ,=05 ucats sort ices oc-cur and their location apstc-ars to be a fo lio

~~ Dl27cm,6 a0.53 ~till of Rley-nolds iiciiber. cetrtain imniisioinless psarac si r- .
Iandl flow titie (Sciiey. 197:1). Sill- tic-s- voicies eeat

0.8-large str rcavcsiss- at d spatiwisp src-s lre zraclienl s it 1Isilo 1c-

0.8 ~~that theN will play ai doiniate rIle in thec ss-;ll tcrlsslr- tin-
tsncl cio ll eas icr. (Ibis Icellas-i,, is libels t lie c-ri% -id-~

0.6 acid lbs-re are -irs- ti-cc results as-ailable,

0,4- D= IM6 0 4.3.3 Sharp Fin Flows

0.2 Ilii-osls biciccn data anilicis ci hi i ci al. f f>S) rilc i i.
AtT~ms: WlitS-) icl Irac I19zT7c. 'Iratin ialli detailedi nilcaislls.-licl

aloing a single- scricy hine ii the- tindistciried freut-sri-altl irei,
1 2 3 4 ~~ I ion for fll anglc-s-ct-attac-k of t 0' - I2' - I tacd 

2
fiuai MIach I3.

D~istribucticons ot t-e iicriicalisedi usau wcall pressuire adi io-

Figicre 15- Probability clensili cliscrihiciis for slhcck wave icialiscil op arSe showni in F-igure- )G Xsj iim-asucred frcon thle

1c'siiccl MadI i ,ycce on iuzccii shcock locat in T -he cliise localioii cct1"

t raics-ce-rs is si cciv I ii th biniiset. Otic tlie figiure-s. ftl refers tic thei iiptsreaii iilctc-c line, andi 'C' refi-rso lif, li Ilii, ct
(ocal-crecci cif ths- slinface streaks gi-icralk lvou~isidlreil is a liniecof sepcarat uion)

cAt a t 10'. ice pressure siginals a-ere sot illtermcit tecit, wetre Gacissian thcrouighout tle enltire regions sicrse, anci thec
distri bittioni of or Icaid co cdisceriillt Peak. Os lthe biasis of earlicer itorkb Ic v Debieve asiI( Lat larnc It(195).1 amtonig cclhers -

Tfrail states that this case -nay be viewed as reflecting thIe amplification ofl tucrbuclence thcroucgh a region of rr-lat isclv ii i
auvese resure radeci - ith increased shcick strength, the rise its (, beroines nmore abrupt arid a pceakc dc-velocps. It is

just dfiscerncible' at I 2'. '1 he Pressure signlal., show that this development is associated a-ith Iscev-lopcecit cof asi icistcadv shoc
st riwtucrs ansd at itetrmittect pre-ssusre signal develops Ice same as in other 2-D) and 3-D) flowes. Th le data sciggets t Icuct Owh
ilcseloti,-sit cit asr itermlit tent presscure signcal is assocciatedl withc the onset of sepa rat iont. As ic? 2-I) flcow-" (a,)_
cclipst reat of S. S ittilar tci large-.sc-ale' 2-I) se~parate fc loivs, lctwcec, C and the trace ocf thle issiscici siock. a i c

ccc st alt (4 1s- i P.,1 Ihe sahc e clependll cccl the- ilcsiscid slcicc strethmgl. Froctl ext rapiolatioins ifthe dc-cat a i. I ranl
e'tlillsat~i rllat a tiess is'iililcriitl Valc cviiclilber his. 6cilsl - 71s, ilciwlst reatc iiitills itiviscdi shlck.

I'silig a coicrinisae st ret( i-icg lcmlitiicils-o. which, ma~kes use of thle fast thtat t lie flo licli foolitptilt is quiasi -coiical. I rac
c-crr'lcsted lih data froitm sharp fill, setii -conce and swepct (,(ipressionl ramp~ 'lows. [or a givest ii ciscid shrck sI risgi 12. %,car rii 1
Iche geccitet r v hsas lit tIe etc t oni thcs clistriltioct of 5.1/P". anld c-/ P, (icr ar/

0
r. . at least frsomi X,, ti thIe ii ciclA slo, k

liocatiii It applears cat thect inviscid shock stresngthi is the goverin tg pcaramseter iii sui interactionts. ancd that tie hoco-1,
liccatiii is the referencce pinct fotrci whch coimparisonits sholdc Ice miade.
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20rPower spectra at 8 stationis along rthe survey lite for it

Wa~nd 2Othave been reportedi be I 'ran. Both cases have torn-
ttott feat urns. Between UI atid C, the shock- inducedi i actuta-

m0 tions ace the roajoc contribution to oup and arc centered around
- SKULIrT tRANSDUCERS 2 kiiz (curves 8 ani( 9, Fig. 7). At C. thle low freqtuency vou

OSCAMEI-VALVE 0tettt decreases and the higher frequcncy range increases.li
0 8 he plateau region of the a, tdistrihution, spectra hasve the.

2--,1A cpsattie sihape with thie highcr frettuenicy range cetnterted art,'nid

1b iIll1 kliz. Downstreant of the itte tnt) shicck. thle spec tra rclax
25Z) toteards that of tdite intcomntg bltltiar:: lavvr ir I t nlter toill-

1- O t enit region,. thtese resulits are, qsaliiat istIs t'e sae asit IT,21
2-0-0 -i to,tts, anti ot her 3-iDlliiS

1-a %m~~ lht' siiock frontt utndergites tutu It- rippling tila, it, 2-l)
1.5- ratttp flows. Spate-ti ue ttorrciatins sere tialde by I rat, a Ie

2-0 -1 1fo v I f> "T for bh cases. fPlots o~f the ttiasittta of the space- lntl
~~'~- iW ~ cttrrelatiotns as a funiction tof t ratisdtucer spiacintg shiotwed t hat

1-5 * for close spacings, thet Signtals art' Iig,!,!- correlaretl for tilt-
swept flow: for the raiif. tlit'- correlat iton has alreatic drtoptped

5 sigifiicanttly at V/t. I . For lariger spaetngs. thle cornel- i
ais sessen riallv zero for thet rattip. It ftsr thit swep1 t cast' is i

XsS8 0  rt'latively signtilicatit ent at 1/ = 3. Tht Ir--poniu

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 plots of the ctiherence futictioti showted that fsir tb's wtltt-t

the itigli-frcqiieitc ttlttitt's *titie to tirl'i-i 'it", d
rapidly while the lose-freqtii'tcv coutltotients- slut i loiik
i.isc ilkt itin) remtain htighly- oirre'lal et.

*1i2 start itt the sharp Ftt flowes. -rlie t ratnduter (cli gliratio %%11tas
P I U ~16 Simtilar to titat iti the 2Oraitit cast' Ilecrilol t-arlit'r -t't lit-

£0 m20 trigger) a-as In the iudisttrled flows antt lit-thetr it t'e
ltpstr''attl ittiiienct' litne. 1lit,' sattit' litiigs as ret'1 1rii,i ,~

'04 n;o-I 2-1) fliow tet-obs'rved ier-.

S -8 -7 -6 -5-4 -3 -2 -l 0 1 2 3 4

5 Concluding Remarks

In this chiapter the mth'iotds atit dillit-tlties oif mtakinlg Fluctutatinig ti-all trissuire illeaSirs'tlt'lts Ill suittsill l has Itit'( li'eu

outlined. atit sotine of the results in zero pressure graieti anit petrbced flsiws has-i been trt-setttdt NO alt tt'pt is Tll it'ii
this sectioti to slttrtinari-/e these fiings atiti tile tquest iotns thett' rails', rathIer, somte bititf gi'tlal ri-ttarkI arIt given.

As tiotetd curlier, even ftor tilt' case of -zero pressttrte graienttt thare an' fi'w, if atic%. reliable iat a duet largt'l *Nto intade'qtuate
spatial resolution. Withini tilt, accitracy of titt tnrastcern ents it tints appttar that tieSm stur ce ttf tuirblen-ce 01ltiilibtrtiult

arc nieteted over a range of flow ctotdi itin. A lthtottghitlie ttuntinlti9 tiiaturizatioil of Itstsrs attd i lllrovietitl ii litt,
Spe-d aitt rt'stititmi of signtal processitng hardware have ninh-l this task less ifilicuilt, it is still far trot routtine.

lit tt'rtuirbetd flotws. moit of the tteasurin'nitts liasi-rt liji tuu'it slis wave tttrbitlent houttiars- lai iittr(lion, Wit It
ofthe at tetti iotn has Itt.t'rt stit thle itnlsteatdy se'paratisoi proress. -Ii this csei. ite( relativ ely sits freqtue-icies, aitti lane st i-altti-

r't-trsltlt of thit-paratiton shtock have mtade sptatial resotltin tat ld btantdwith limiitations inss of a prtilt'iti and
1 

st' t ral dtia
sets dttctiimentittg shock propt'rtie's are avai lale' ilt' dat a int Ithe si'parat etd low art' avilallt.itit bt Il iatr Sins v itse% is-ic
riattachmtent atit itthle ttttgoitg btotitttary lacer. Fhe resitlt tif this palitite of tenperlimettl is thit the asit itformlatIin
nee-dted for tImprovintg t'tginteeritng tretlition mthodttts anti fttr devising physically accurats' nuiiral Ilitt its IS itt itmost altse.
lackitng- 1he currentt poor unitterstanding Of the IteCitatiisittl sI dirivittg thle separat ittn shock mttttistn is just otnt'e'amtple of hot%
little is knowti. Bearn tg in min ilt-h diversity ttf flotws of interest, tmatty withi ctttplex. septarated fltsw S1tttcitures iettcitt ciii

on Such paramteters as shotck Strentiih. M Iach and Rleynolids tntttmber.- it is clear that mucit dial t'ttgitt r--an I setork riattis
to he done.
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9. GENERAL COMMENTS ON THE INTERPRETATION OF DATA

9.1. Introduction

In the next chapter we discuss the mean flow for a number of the rapidly distorted turbulent
boundary layers which form the subject matter of this AGARDograph. The approach will follow
essentially that developed in AGARDograph 253, that is, the velocity profile material will be
compared and contrasted with the wall and outer "laws" for an equilibrium zero pressure
gradient boundary layer. The degree of disturbance undergone in the majority of the cases
studied here is such that large departures are to be expected, but we have as yet found no
other scaffold on which to hang, draw and quarter the estimable efforts of the experimental
research workers in this field. Here we discuss some of the more general points which arise
when attempting to interpret the data.

Chapters 10, 11 and 12 form an extension of the data compilation and survey of AGARDog, .,hs
223, 253 and 263. Individual ENTRIES will be referred to by their IDENTS - without succeeding
letter if published in AG223, e.g. CAT7101, with a succeeding S if in A0263, e.g. CAT7802S and
with a succeeding T for t! "_ volume. The next two numbers in the Idents indiuate the series
and the next two the profile numbers. For the most part, the current 12 entries represent
flows subject to lou-lised compression with wave systems of greater or lesser complexity. One
case however describes an expansion, and another a ZPG flow. The entries are listed in
arbitrary numerical order below (Table 9.1.1).

Table 9.1.1.

List of ENTRIES in chapter 12.

ENTRY IDENT Mach R THETA Type of flow
First author range range Principal data

7904T 2.9 80k Compression corner flows, 80 - 24*
Settles PT2, P, TO profiles. Preston tube CF.

8002T 1.4 4k Quasi-normal shock on bump
Delery LDV, mean flow, u', v' and u'v'.

8003T 1.2- 2-3k Quasi-normal shock on bumps
Copy 1.45 LDV, mea, flow, u' , v', and u'v'.

8301T 2.3 4k Compression corner flow, 6'
Debie ve PT2, P, TO profiles. P' at wall.

8401T 2.9 80k Curved compression surfaces
Taylor PT2, P, TO profiles. Preston tube CF.

8402T 2.25 7k Compression corner flows, 80 - 180
Ardonceau LDV, mean flow, u', v', u'v',

PT2 profiles, normal HWP

8501T 0.9- 16k Quasi-normal shock on bumps, flat wall
Liu 1.8 PT2 profiles, interferometer.

86t1T 2.9 80k Flat wall APG matching 8401T02
Fernando PT2, P, TO profiles. Preston tube CF.

Normal HWP.

8602T 1.8 5k Centred expansion, 120.
Oussauge PT2, TO profiles. Normal HWP.

8603T 2.9 lOOk Zero pressure gradient on tunnel wall
Spins PT2, P, TO profiles. Preston CF.

Normal and inclined HWP.

8701T 2.9 80k Compression corner flows, 8' - 24'
Smits Normal and inclined HWP.

8702T 2.9 80k Curved compression surfaces.
Jayaram Normal and inclined HWP.
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9.2. Interpretation of data

9.2.1. A note on the nature of boundary-leyer profiles

For historical reasons we are inclined to think that the immediate purpose of boundary layer

studies is the prediction or measurement of the velocity profile, and through this the gross

or integral properties of the layer - surface shear stress, displacement effect etc.. Within

the context of low-speed fluid dynamics this is natural and easily understood - the variation

of fluid properties is not a significant factor, and the velocity profile effectively provides

a complete functional description. It is easy to forget, however, that there is no technological

interest in the velocity profile as such, or, indeed, in the boundary layer itself, other than

in its gross effects.

Given the "conventional" approach to mean profile measurements, when the velocities are such

that the variation of fluid properties is significant, it becomes very difficult to measure

the velocity profile - or any other profile - with confidence in any flow which might reasonably

be called "complex". It is necessary to have values of two "static" or thermodynamic properties

and one "dynamic" or relative property. These are most commonly derived from the values of the

Pitot pressure, the static pressure and the total temperature, though the temperature

information, often reasonably, and the static pressure, very much less so in any flow wilh

interesting features, are not infrequently deduced from neighbouring values or a genera]

hypothesis.
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The flows to which our attention is principally directed at present are for the most part

flows involving the "rapid distortion" of boundary layers and shear layers. As yet, we do not

have cases with significant heat transfer so that temperature measurement is not vital.
However, these flows are characterised by strong streamwise and normal pressure gradients,

shock--wave structures and the possibility of separated flow regions. The traditional l'itot and
static pressure measuring probes are likely to give notably untrustworthy results in flow

fields of this nature, while to the great difficulties of using a hot-wire probe in any

compressible flow are added those inherent to the use of such probes in regions of high

turbulence and reversed mean or instantaneous flow.

The advent of the laser-doppler velocimeter (LDV or LDA) would seem to overcome these

difficulties. There must remain problems arising from the principles of operation of the

instrument - direct precise comparisons are rare, the usual evaluation being based on small

scale figures in the literature, A direct coprison can be made ising the original data of

Ardonceau (1981), CATB402T, (data - private communication), showing a likely systematic

discrepancy between velocities derived from Pitot measurements and the LDV. Figure (9.2.1)

shows the resultant velocity measured by the LDV plotted against the Pitot-derived velocity.

The LDV values lie about 3% low. This is very good agreement, given the difficulties of using
the instrument, but suggests a possible systematic bias. It is of interest that the remaining

set of data for CAT8402T, with an 18* flow deflection, apparently show the laser as giving a

systematically high value. We do not have data which allow us to make the comparison ourselves.



The virtues of the LDV - the non-intrusive nature, the ability to resolve the sense of the
mean flow and the ability to provide statistical information on the fluctuating velocities -
should not blind us to the uncertainties in its use. There remain questions as to the effects
of the method and location of seeding and the problem of "parasitic" or false returns in
addition to the need for very high frequency response in the associated electronic equipment.

A minor but at times significant problem arises from the need for a very rigid and therefore
heavy mounting. The LDV is likely to be mounted on a traverse gear orientated in relation to
the tunnel axis. Users to date seem to have made traverses at constant (tunnel) X, and thus
not perpendicular to the local flow direction. It may therefore be difficult to interpret the
results in normal terms. (See Brown et al., 1987, where the misalignment is up to 30%, so that
the results cen not be simply presented in boundary-layer axes.)

Above all, we should remember that, while the LDV gives us the velocity profile "directly" as
a result of the "absolute" manner of its operation, it does not give us a functionally
complete description of the flow field. A determination of the mean flow field will require,
in addition, pressure or density values, and, though of less importance at preset, temperature
values. Those concerned with turbulence modelliig may well heave a sigh of relief that at last
they have relatively reliable values for the turbulence intensities, but they have not got the
Reynolds stresses unless they also have the mean density.

9.2.2. The boundary-la yer edge state and the influence of normal pressure gradients

In general a streamwise pressure gradient in a supersonic flow is likely to be accompanied by
a normal pressure gradient. The properties of the free stream outside the boundary layer may
well therefore be functions of the normal coordinate Y (AG 253 Ch.6). It then becomes
impossible to use any directly measured quantity as the basis for a decision on the boundary-
layer edge or "D-state". If the free stream adjacent to the edge is irrotational the edge
state may be defined logically in terms of a total p'cssure deficit, and this (or implicitly,
entropy) is the only mean flow property which can be so used (AG 253 § 7.1). Unfortunately, in
supersonic flow, it is a derived property, so that no choice can be made until initial data
processing is complete. If turbulence measurements become general, then there may be alternative
rational definitions in terms of intermittency or approach to free-stream turbulence levels,
and criteria of this nature would have the advantage that they could be used properly in
rotational flows.

The boundary-layer edge can not be found with precision in any case if a deficit criterion is
used, as unless the deficit is large the gradient of the chosen property is by definition
small in the edge region. The boundary-layer thickness should not therefore be used as a
scaling length. In the presence of normal pressure gradients, it is not even possible to
define integral length scales with any precision, in part for the lack of a suitable
referen-e flow, but more generally because, with the exception of the displacement thickness,
the integral scales have no direct physical interpretation (AG 253 § 7.5).

Edge properties are commonly used in the formation of dimensionless quantities for data
oresentation. We are accustomed to think of most profile quantities in relation to the free
stream value, and throughout the data compilation project we have provided data in this form.
While wherever possible we base our choice on the PO variation, the D-state properties should
in general be regarded as arbitrary scaling quantities intended to represent an edge state,
not necessarily with success. In particular, it can be difficult to transfer wall-friction
data as CF changes with the choice of reference properties, and it is good practice to state
the shear stress directly. We tend to think of wall shear as "high" or "low" in terms of the
coefficient value. (In a 200 compression corner at M = 3, CF based on an edge state behind
the shock would take more than double the value it would have if based on the free stream
ahead of the shock.)

9.2.3. Effect of edge-state choice on the transformation.

The survey and comparisons made in AG 253, 263, and in chapter 10 below are all related to the
incompressible form of the log-law. The profile in compressible flow is converted into an
"equivalent incompressible profile" by the "transformation"

5* f /Q '/2 dU . (9.2.1)
0
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This result embodies essentially the same assumptions as the derivation of the law of the wall
in incompressible flow, with allowance made for the variation of density. It might therefore~be expected to yield a log-law profile over broadly the same range of conditions as in the low

speed case.

We have in general made use of the "Van Driest transformation"

=Pfarc sin '-r------i-r- + arc sin 1/2--i---I (9.2.2)

' A , 1  [ 4A 4- B ) / L( A + B / .j

where A' r Mz ' LA/.) 8=(I+r Mj) (T6/T.) -1I
2 M6 (T/ 5  2  ,

which contains edge state properties which do not cancel out. This form of the transformstion
is further revtricted by the incotporation oi the Crocco temperature-velocity correlation, but
our purpose here is not to demonstrate a correct result but rather to show the sensitivity of

the transformation to the choice of edge state.

* In a flow without normal pressure gradients, the free stream properties do not very with Y,

and the edge state, if taken far enough out, does not vary. Consequently, there is no problem.

To demonstrate the cZlecL when there is a normal gradient, we ha-c performed a numerical

experiment, using the data from the curved ramp experiments of Taylor, CATB401T. Figure (9.2.2)

shows the effect of choosing D-state points at various measurement stations outside the

boundary layer edge (as determined from an inspection of the total pressure profile). The

uppermost profile is that using the "best estimate" edge point, and for our present purpose,

no particular significance should be placed on the fact that it does not agree very well with

the wall law. The compression wave from the curved ramp here extends from the outer part of

the layer into the free stream, so that as edge points are progressively chosen further out,

the pressure, temperature, and density are falling while the velocity rises. The data are

plotted in full for the curve obtained using the innermost and outermost edge points, the
locus for selected points being shown for the intermediate curves. It is unlikely that an

intelligent researcher would go out as far as we have here, but the possible effect is clearly

demonstrated. It is apparent that a poor fit to the wall law can result from an ill-advised

choice of D-state, independently of the accuracy of wall shear-stress measurement.

If the D-state is taken too far in, the change of state due to the boundary layer does not

compensate, as is shown by figure (9.2.3), where the bottom curve represents data using a

"sensible" PC based edge state and the successive higher curves result fom taking the edge

point progressively further in.

It is clear that in an expansive wave generated at the wall, the effects of the normal pressure

gradient and the boundary layer could oppose each other so as to make the transformation

insensitive to the choice of edge state, but if this were to be the case, the edge point

obviously Ii, Mithin the layer and so is inappropiate.

An obviois iaesure to circumvent the secondary assumptiou. .. ich give eqn. (9.2.2) is to us-
eqn. (9.2.1) directly, with experimental density values. The non-appearance of a log-law coulo

then be confidently attributed to violation of the "low-speed" conditions required for the law

to exist and for eqn. (9.2.1) to be valid. The choice of D-state would no longer have any

influence. A number of such comparisons is made in § 5.2 of AGARDograph 263 (figs. 5.2.5-5.2.9),
where it can be seen that the "pure" and "Van Driest" transformations give significantly

different results. The flows in question are, however, so disturbed, that one would expect the

log-law to break down in any case. At the time of writing that section, our interest was

concentrated on the temperature/velocity relationship rather than the transformation itself,
and further work remains to be done here. The effect of using no transformation in a well-

behaved ZPG flow is shown in AGARDograph 253 fig. (3.3.0).

.Nd m ]n[ m mmm mmL m
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9.2.4. Preston tubes incompressible flow.

The Preston tube was originally developed for use in incompressible flow and depends on the
assumption that the flow in the immediate neighbourhood of the wall is determined only by
variables measurable at the wall. Thus the original accepted calibration in, and for use in,
low-speed boundary layers in zero or small pressure gradients effectively implied that the
velocity profile out to a scaled Y value comparable to d+ would follow the "universal" law of
the wall, and that the calibration would break down when pressure gradients were such as to
cause a significant departure from this "law", or the tube was overly large (Patel, 1965). A

more convenient form of the basic calibration has been proposed by Head & Vasanta Ram (1971).

Pressure gradients can be scaled on wall variables and efforts have been made to extend the

calibration to take account of this additional factor (Brown & Joubert, 1969; Frei & Thomann,
1980; Hirt & Thomann, 1986), resulting in corrections to the zero-pressure gradient calibration
in terms of the scaled pressure gradient a = [(v/Q uT)(dp/dx)]. All this is within the framework

of wall similarity. The greater part of Frei & Thomann's calibrations were made in a range in
which the universal law still holds (source, fig. 10), so that the correction allows for the
use of a larger Preston tube than would be proper for the pressure gradient prevailing, should
one attempt to use the ZPG calibration. However, the stronger (step flow) pressure gradients
move into a range where the velocity profiles no longer appear to follow the universal "law"
(source, fig. 11), though the authors ascribe the difference to the effect of normal pressure
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gradients. It is worth emphazising that with a two-parameter Preston-tube calibration there

should go a two-parameter inner law, though the dependence on the second (pressure) parameter

might be too weak to detect in the range covered. The later investigation by Hirt & Thomann
perhaps leaves the question more open than before, but in principle a calibration of this
nature should be possible so long as the rate of change of pressure gradient is not too great.

The simplicity of the Preston tube makes it very attractive for use in compressible flow, and

a large part of the wall-shear data available to us is from this technique. In principle, all

that is needed is to extend the wall similarity analysis to take account of compressibility.

This approach, proposed by Rotta (1959) in an investigation of velocity and temperature

profiles, was followed by Bradshaw & Unsworth (1973), the result being expressed as a

compressiblity correction to the low-speed calibration in terms of d' and Mr (= uT/a,). If
used in pressure gradients, the gradients must be low enough for the (transformed) velocity

profile to agree with the universal law, or a further pressure gradient correction calibration

would be required. A first step would be boldly to apply the incompressible correctiou. !::

addition, there should be a heat-transfer parameter. Hotta and Bradshaw & Unsworth propose

parameters based on the heat flux, which we would regard perhaps as more a variable dependent
o, a temperature parameter such as TW/TR. No serious attempt at assessing the sensitivity of

the Preston tube to heat transfer is known to us, such evidence as is available (Yanta et al.,

1969) suggesting that any influence is not large.

The case for the use of Preston tubes in compressible flow has been made strongly in ze-ro

pressure-gradient adiabatic flows by comparison with floating-element balance values and by

the extensive agreement found between "transformed" velocity profiles and the universal profi I,

when using Preston-derived wall shear-stress values. Unfortunately the purist approach has n,,t
generally been applied, and the majority of compressible flow Preston correlat ions are based

on formulations involving properties of the free-stream flow. The presumption is thlat tIhe M,
dependence is subsumed in the correlation, which gives a true value for the shear stress, and
that the transformation does likewise for the profile.

A characteristic of these correlations is that they call for property values at a "mearn
temperature" which is a function of wall temperature, free-stream temperature and free--st "iv

Mach number, aind not very close (77% TW for AW at Mach 3) to the wall temperature Somm,
Short, 1955). Typical of these are Fenter & Stalmach (1958), Hopkins & Keener- ( 19663 and Al lnre
(1973, 1977). Because of the link between skin friction, Reynolds number and Mach number,
these are functionally correct if restricted to ZPO adiabatic flows, though th, sucr'es of (hh
"mean temperature" approach is essent ially empirical. Success is measured by tie abLlity if
the correlation to reduce compressible data to the incompressible Preston tube calibration.

A good example is the much used "Hopkins & Keener T' " o.orrelation. The firsi step wa; io api
the incompressible correlation directly, evaluating fluid properties at the wrlI. This
collapsed the data fairly well over the limited Mach number range used, but not out. the
incompressible data, demonstrating a Mach number effect. The next step assumed tlhat 

t 
l[;w

speeds the pressure difference recorded by the tube was the Local dynamic pressure, so this

should be used in the calibration rather than the Pitot pressure. Again, the flu, I properI ics
were taken at the wall, and for both of these the free-stream properties appearing in the
calibrations cancel out. The implied "Mach correction" of the serond attempt was however ntt
great enougl,, and was supplemented by adoption of the "effective temperature" evallat ion of
fluid propert ies. Tb- cal ibrat ion then becomes edge-state dependent . Subsequci efforts (,.,.
Allen, 1973, and, importantly, corrected, 1977) have been largely concerned with trying to
improve the quality of the data, and the convenience and accuracy of lhe f(ormula, usc-l to
iscribe it. (Allen's results prompted the development of the ltradshaw & tlinsworth formulat loi,

a colrected version of which IS in Allen, 1977.)

liy analogy with low- speed flows, the correlatiors are used ill pressure gradients, when the

Pr,ston tube may be the only sensor which is remotely practical. With the usual restriction
to gradients which are not "too great", the correlations may claim montest success (CAT 7102,
7007, 86OLT along a straight wall, and 7101 on a curved surface AG 252 figs. 5.3.2_'l5/ltt;
fig 10.1.4 below). (A re-examination of the raw data for CAT7101, using the Bradsahaw & Unswotth
expression, shows poor agreement for the upstream profiles, with agreement improving to beo,,
almost complete at the downstream end.) However, in general, pressure gradients along a wall

are accompanied by gradients normal to the surface, especially if the pressure gradient is

changing, or the wall is curved (AG253 Ch. 6). The properties of the free st ream tMayefor' say

vary rapidly along a profile normal, so that the choice of boundary-layer edge position

critically affects the edge-state property values. Under these circumstances the wall shear-
stress deduced from any of the correlations in terms of edge values will depend on the point

chosen as the boundary-layer edge, which most evidently is not a quantity measurabl, at the
wall, as wall similarity requires. We have already seen (§ 9.2.3, above) that the variation in

edge state in a curved ramp flow (8401T) has a material effect on the! Van Driest transformation,

and so on the apparent success of measurements in realising the universal wall law, while

retaining a fixed wall shear-stress value.
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Discrepancies may therefore arise from sensitivity to selection of the edge state, from

inherent errors of the correlation, from sensitivity of the calibration to longitudinal
pressure gradients, or because the velocity profile in reality does not agree with the
universal law of the wall. There is no reason to expect (rather than hope) that profiles in
strong normal pressure gradients should agree with the universal law. Under these circumstances,

we would not advise the acceptance of values derived from a fit to the wall law.

An alternative approach suggested by Settles (1975), CAT7904T, for flows experiencing a normal
pressure gradient, is to use a fictitious edge state determined from the wall pressure and the
free-stream total pressure. If there are shocks in the flow, it is not at present clear whether
he and those following him (experiments performed at Princeton) would use upstream total

pressure, or the pressure after the shock system for downstream flows - or how they would
decide when to change from one to the other. In the downstream limit, the post-shock exterior
flow obviously becomes the appropiate "exterior flow", but in the compression corner flows for
which the procedure was proposed it is far from clear as to which, if any, would be appropiate.
Preston tube wall shear-stress values derived in this way are used in Ch.10 below as being
results based on measurements. The wall-law profiles which result do not fit the log-law well
when the flow is disturbed. Some of the discrepancies may be accounted for by the effect of
the edge state on the transformation (§ 9.2.3 above) but the authors also present values
derived from a fit to the wall law (Taylor, 1984, CAT840T; Smits & Muck, 1987, CAT87IT;
Donovan & Suits, 1987). Jayaram at al. (1987, CAT87O2T) show both values (source paper fig.5).

If the profiles genuinely do have a wall-law region good enough for a profile fit, then
logically a Preston tube should indicate the same shear-stress value. The longitudinal pressure
gradients in CAT8702T were not so great as to suggest a large pressure gradient correction.

9.2.5. Interpolation and profile alignment.

A functionally complete mean-flow profile requires measurement of three individual property
profiles, and the Y-values for these will not in general match. Usually therefore two of the
measured profiles must be interpolated to the Y-values of the third, generally that in which

the greatest rate of change is observed, with conventional measurements, the Pitot profile.
It is in this (authors') interpolated form that we present profile data when possible. A
principal purpose of the additional entries in this volume is to present turbulence dsts, and
in doing so there is inevitably a further stage of interpolation, generally from functionally
complete mean flow profiles, to the Y-values of turbulence measurements. Interpolation within
profiles measured on a common traverse line is inevitable and proper, though repeated
interpolation will artificially smooth the original data. There are occasions however when a
mean flow survey, already in being, does not include the traverse line to be used for turbulence

measurements. The only possibility left, if turbulence date are to be matched to the mean flow,
is to interpolate from neighbouring profiles. In an "interesting" flow this is inherently
dangerous and to be avoided where possible. We have tried to indicate this possibility whenever
we thought there was even a small chance that it had happened.

Many of the flows considered here are on walls which change direction more or less abruptly.
In addition to arranging for profiles to be measured along the same traverse line, it may
become necessary to ensure that probes have an appropriate alignment. The fluid at quite small
distances from the local wall surface may be flowing in a very different direction from that
of the wail. The extreme case is the compression corner flow, where for the most part the flow
changes direction discontinuously at the shock. Probes which are parallel to the local wall
direction may thus be seriously misaligned when they have passed outwards through the shock
or compression front into a region where the flow is, as yet, undeflected. Readers will find
a detailed discussion of some of the problems which arise in the editors' comments on CAT7904T

(Settles at al., 1979). Static pressure probes and inclined hot wires are the sensors most
affected, but all intrusive probe measurements will suffer to some degree. Optical techniques
are not affected, but it is most important that there be a clear statement of the effective
orientation of data, which may well not be obtained for the directions corresponding to natural
or boundary layer axes. If the flow is at a large inclination to the measurement directions of

a LDV for instance, the stress tensor obtained from the readings will need to be rotated to
recover the kinematic Reynolds stresses normally encountered in boundary-layer theories or

calculations. The rotation can not be accomplished for any one of the stresses unless all

three components in the appropiate plane are available. In the cylinder/cone-flare experiment
of Brown et al. (1987) for example, all measurements were made parallel and normal to the axis,
while the deflection was 30

°
. A rotation would be needed before drawing any conlusions about

the shear stress distribution behind the shock. Flow deflections in the quasi-normal shock
flows of CATOO2T (D6lery et al) and CAT8OO3T (Copy & Reisz) are small so that the effects of
rotation can probably be ignored. This is perhaps not the case for the compression corner
flows of CAT8402 (Ardonceau), where the greatest deflection was 18

°
.



9.3. Interpretation of measurements

9.3.1. Shock wave movements

In chapter 8 we presented a survey of the information to be obtained from wall pressure

fluctuations. Much of these investigations were directed at the fluctuation mechanisms in

separated compression-corner flows. It is concluded that at higher Mach numbers the principal

mechanism of the "upstream influence" of a compression corner in such a flow is the oscillation

of a single compression shock, the strength of which does not vary greatly as it moves (ch.

8.4.2.1) - and not the transmission of pressure signals through the low speed (time mean) part

of the boundary layer. (Note that the oscillations still depend on upstream influence - in the

recirculation zone - to close a feedback loop. The argument is that any upstream influence in

the subsonic zone is negligible by comparison, perhaps, rather than non-existent.) The

instantaneous separation point is near the foot of the shock, and the distributed rise in

pressure ahead of the separation point is an expression of the intermittency of the wall
pressure at a given point. The time-mean separation line indicated by surface-flow techniques

is at or near the rearmost position of the shock because there is an intense rearward shear
while the shock is downstream of any point, and only a weak forward shear when it is upstream,
so that material accumulates at the downstream limit.

In a nominally two-dimensional flow, turbulence causes variations in the entry conditions and
the shock front can develop ripples or wrinkles with a cross-flow wavelength of the order of

one half of the entry boundary layer thickness (ch. 8.4.2.1). It follows that a short exposure
schlieren photograph will tend to show a smudged double image corresponding to the forward and
rearward "wavecrests" (there is no reason to expect uniform amplitude), while a long exposure
picture will tend to record a gradient rather than a discontinuity. This gives rise to images

apparently representing a coalescing compression fan or branched shock system, and has

resulted in the traditional mean flow description of the interaction in those terms.

The turbulence-induced wrinkling of the shock front will however also occur in attached flows,
and may result in intermittent separation in a compression corner flow which, in mean flow
terms, is an incipient separatio- ca. ~th fh- rcltive mnenitude ond *hc -- nge -f movement
of the shock fall off with shock strength (Dolling et al., 1983, figs. 8,10) so that with low
enough deflection the movement of the shock will approach the turbulence induced wrinkling as

a lower limit.

The shock unsteadiness appears to be the result of a complicated feedback process with at
least four separately identifiable mechanisms: Firstly, the shock position and strength
depends on the upstream and downstream flow conditions, and therefore it will be affected by
the intensity and frequency content of the incoming and outgoing turbulence. Secondly, the
shock is curved locally by the turbulent structures, and the entropy gradients can act as a

source of fluctuating vorticity. Third, the pressure of significant regions of subsonic flow
near the foot of the shock provides a feedback path for pressure disturbances to travel
upstream. For low Mach numbers, the upstream subsonic layer can be quite thick, and the whole

of the downstream layer can be subsonic. In this case, the pressure begins to rise well ahead

of the shock position and this may be called a genuine upstream influeoce. At higher Mach
numbers, the sonic line is very close to the wall (for CAT8603T, at Mach 2.9 the flow is
subsonic for about y/6 < 0.01). The genuine upstream influence is very small, and the pressure
rise ahead of the mean shock position is a direct indication of shock motion. iour~h, wher,
separation occurs the size, shape, and position of the separated zone depends on the

turbulence state as determined by the upstream boundary layer and the amplification/

generation by the shock.

These four mechanisms modify the turbulence levels, alter the instantaneous shock position and
distort its shape. However, the recent work by Selig (1988) and CAT870IO7TI indicates that the

shock unsteadiness by itself has little effect on the downstream turbulence intensity, although
it is obviously very important for the interaction zone itself.

9.3.2. Three-dimensional effects

None of the experiments described in this volume were performed on axisymmetric configurations
so that all will suffer in some degree frcm end-wall constraints.

With attached flows, the flow on the centreline in the vicinity of the experiment is probably

properly representative of the equivalent two-dimensional flow. Many of the studies involve
considerable disturbances, and these affect not only the test layer but also the boundary
layers on the other tunnel walls. Generally, therefore, the downstream flows can not be
considered truly representative of the recovery of a two-dimensional boundary layer from the

disturbance which has been imposed, as the downstream pressure distribution will not be



appropiate. The quasi-normal shock flows, with downstream Mach numbers close to one, are
likely to be particularly sensitive to the ratio of boundary-layer thickness to tunnel width
because of the sensitivity of transonic flows to relatively small changes in their virtual
boundaries. Even so, so long as the boundary layer is not exceptionally thick, the centreline
development, for some way downstream, will correspond to a two-dimensional flow with the
observed pressure distribution, and so may serve as a test case for calculation methods.

It is not possible to have so much confidence in the
accuracy with which the experiments represent two-

11111 Hdimensional flows when the flow separates. The
S 'i'i~' |-l!|I|" T configuration of a recirculation zone is critically

T dependent on the balance between entrainment by the free
bh1ni shear layer and the mass returned at reattachment. This

may be materially disturbed by mass entering or leaving
t at the ends of the recirculation zone through the agency

of the sidewall boundary layers. (See for example Reds
Murphy, 1973, figs. 3 & 4 and Schofield, 1985. fig. 2.)
Three-dimensional effects therefore are not determined

. only by such factors as the ratio of the length of the
" "I I I [" [ separation to the entry boundary-layer thickness. In most

tests with full width models on the floor of general
purpose tunnels, the side wall boundary layers are

h! IIt si~lt J, 4 1 related in a broadly similar way to that on the floor so
**ii' IJ t liii "I Jthat it may appear so. However the effects may be much

l j V reduced, though not entirely eliminated, by the use of
I "Iti, I side-plates, as in the Princeton compression corner flow

; experiments. Figure (9.3.1) shows the surface-streak
I IT1 "|l t' [ [" patterns observed in those tests. The topmost set, for

attached flow in an 80 compression corner, shows no
detectable three dimensional effects. The remaining sets,
for 16

°
, 200 and 240 corners, show increasingly extended

separation regions. As [he angle increases, a three-k dimensional structure appears. This however is apparently
a cellular structure and can not be regarded as an end
effect except in so far as the end constraints may
determine its cross-flow wavelength.

The appearance of cross-flow variations such as this
implies that, for flows of this type, the nominally plane
shock wave will always form an irregular surface, and

seem to be of finite thickness in schlieren and
interferometric photographs.

Fig. 9.3.1 Surface streak patterns from the 8, 16, 20 and 24 deg compression corner
flowfields. (S, C, and R denote separation, corner, and reattachment locations,
respectively. The streamwise direction is from bottom to top in each rase. The
incoming boundary-layer thickness is shown for comparison.)

9.4. Mean flow configurations

There follows a general description of the flows under discussion, with a brief outline of
the main causes of measurement difficulties. The shock-wave interaction cases often inciu
separated flow regions, and these present special instrumental problems. These will not be
discussed individually or at length. The separation region is small, so thit the problens of
probe size are aggravated, and since the flows are usually unsteady, the size and position of
the recirculating region will vary substantially with time. The direction of flow is also a
function of both time and position. In such a region, the only truly trustworthy time mean
readings would be values obtained from instrumentation with a linear response. There are few
such available. In addition, there are usually relatively strong three-dimensional effects
due to side-wall boundary layers, so that even when a flow appears substantially uniform over
a central region, it does not follow that it represents the equivalent planar flow.

9.4.1. Quasi-normal shock interactions (QNS)

At first sight it would seem that the simplest shock-boundary layer interaction should be
that in which a normal shock enters the boundary layer, and in fact this was the first shock
interaction to be studied (Ackeret et al., 1946). In practice, such flows are exceedingly
difficult to study, principally because they alway, incorporate substantial mixed subsonic/



supersonic regions, and for that reason are often referred to as "transonic" interactions
(e.g. Delery, 1985). The area/mass-flow relationship near Mach 1 is very sensitive, so that
experiments are bedevilled by side-wall displacement effects and probe interference problems.
There is therefore a very strong incentive for arranging experiments with non-intrusive
instrumentation such as the LDV. Unfortunately, the velocity profile as such is not the sole
aim of boundary layer research and LDV results need to be supported by data directly or
implicitly containing pressure or density information. (See 9.2.1. above.) These flows are
also very susceptible to three-dimensional effects, particularly when there is a separation
bubble.

The rise in pressure caused by the shock wave exerts an upstream influence through the
subsonic part of the boundary layer, which at the free stream Mach numbers characteristic of
this type of interaction is a significant proportion of the whole. The boundary layer is
retarded and thickens, so that, if the shock is not strong enough to cause a separation
bubble to form, compression waves propagate away from the wall and coalesce into the free
stream normal shock. There may or may not be a recognisable shock discontinuity within the
boundary layer itself. (See Delery, 1985, figs. 4, 12.)

For stronger shocks, the flow may be sufficiently retarded to cause the boundary layer to
separate and form a bubble under the "foot" of the shock. The displacement effect of the
thickened boundary layer and bubble again causes compression waves to propagate out towards
the free stream, and these coalesce to form a leading oblique shock wave which usually
accounts for the major part of the overall pressure rise in the flow in the outer part of the
layer and the adjacent free stream. The flow behind this shock is still just supersonic, and
may be mildly accelerated as it passes over the convex separation bubble before entering a
second, near-normal, shock at the end of the interaction. This second shock is, in general,
technically "strong", with a subsonic outflow, although the pressure rise through it is less
than that in the first, "weak", shock. The strength of the shock falls off as it penetrates
the outer part of the boundary layer and in this region it is possible to have a "supersonic
tongue" either immediately after the shock (e.g. Ackeret et al., 1946; Seddon, 1960; Abbis
et al., 1976; Kooi, 1978; Schofield, 1985) or starting just downstream (East, 1976). rhe two
shocks meet outside the boundary layer to form the characteristic branched "foot" of a normal
shock interacting with a boundary layer. (See D61ery, 1985, figs. 35, 36; and fig. 10.4.1
below.)

The changes of direction in flows of this type are not large, so that incidence effects on
probes are not a serious problem. Transonic interference effects are however likely to be
important, particularly near the wall. Gross effects caused by probes and their mountings can
be ameliorated if there is provision for the active adjustment of shock-wave position (e.g.
Schofield, 1985). The effects of strong pressure gradients on the probe readings themselves
must remain problematical, and readings taken close to shock waves must be regarded with
particular suspicion. In addition, flows with an extended separation bubble are likely 1o
show significant oscillations in the shock-wave position, and this may cause "smudging" of
probc readings near shocks. The Mach-number range is also such that it is difficult or
impossible to calibrate hot-wire probes as a result of strong Mach-number effects.

Quasi-normal shock interactions considered here consist of a group of tests made at ONERA
(D~lery, 8002T, with an asymmetric configuration, and Copy et al., 8003T, three cases with
the shock forming after a slight symmetric constriction in the tunnel) and a selection from a
very large range of observations made at Cambridge (Liu & Squire, 8501T, with an asymmetric
constriction). Shock entry Mach numbers are typically up to 1.5.

9.4.2. Reflected shock wave flows (RSW)

No cases of this type are reported in this volume of the catalogue, and a very full account
of an axisymmetric case is given in AG 263, § 5.3 (CAT7501S). Tba typical experiment uses an
inclined surface in the free stream to generate an oblique shocl "t..ch impinges on a straight
surface supporting the test boundary layer. Close to the surfact .- ',nplex interaction
develops, the upstream influence of the pressure rise causing a t,, Ively weak compression
to form ahead of the point at which the incident shock approaches t- .iall. This coalesces to
form the leading shock of the reflected wave system. The displacement surface moves towards
the wall as a result of bulk compression, becoming convex, so that an expansion wave propagates
outwards behind the leading shock, before becoming concave and returning to the direction of

the wall. This causes the main reflected shock wave to move out behind the expansion (AG 263
figs. 5.3.1/2). At large distances the waves run together to form a single shock of the
strength appropriate to an ideal flow reflection. If the incident shock is strong enough, the
boundary layer separates to form a bubble and all three components of the reflected wave
become stronger. Locally, flow deflections may become large enough to cause alignment errors,
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and in the region of interest shock-probe interactions are likely. Large-scale fluctuations
are not in general a problem as the incident shock is "anchored" to its generator, and, the
Mach-number level typically being higher, gross interference problems are unlikely. Really
strong incoming shocks will cause the interaction to form at the foot of a Mach reflection, a
,ase which has not yet been studied in detail.

9.4.3. Compression-corner flows (CCF)

It will be seen that the most common configuration in table 9.1.1 is the compression-corner
flow. The abrupt rise in pressure occasioned by the change in flow direction causes the
boundary layer ahead of the corner to thicken, and if strong enough, to separate ahead of the

rn-r itself. The question of when a corner flow is severe enough to cause separation has
been comprehensively addressed by Settles (1975) and Settles et al. (1976) amongst others and
will not be discussed here. A major problem is that, by virtue of the change in direction,
there are large differences in static pressure along profile normals in the interaction
region. Consequently it is difficult to determine an edge state, and many aspects of
conventional data reduction which require edge values become ill-founded (9 9.2 above).

For small deflections the flow remains attached, with the upstream influence of the corner
flow causing a compression fan to form as though from the displacement surface and coalesce
into a shock which, at moderate distances out into the free stream, is indistinguishable from
the ideal flow plane shock apart from taking a slightly upstream position. The point at which
the compression fan must be regarded as having formed a shock moves progressively inwards as
the strength of the shock increases. For very small deflections and weak shocks, the point of
coalescence may lie outside the boundary layer so that the edge flow undergoes an isentropi-
compression. For larger deflections the shock extends into the boundary layer (although its
exact position is completely overshadowed by the background turbulence) steepening as the
Mach number of the flow entering it falls. At representative Mach numbers, the fall in Mach
number occurs, for the greater part, very close to the wall so that the shock appears to
reach to the surface. (Settles, 1975, at M = 2.9 - the sonic layer is at a Y-value given by
Y/6 

= 
2.63 Re6

-
0
-
", or typically less than 0.005 of the layer thickness).

When the deflection is large enough to cause a separated return-flow region in the corner,
the compression occurs predominately in two stages, possibly with a small degree of expansion
interposed. A leading shock springs from the separation zone as the flow turns up and ove;
the separation bubble. This shock tends to oscilla+e violeniLly together with the leading edge
of the separation (see chapter 8 and 9.3.1 above). The main turning and the greater pressure
rise is accomplished by a compression springing from the reattachment zone. The compression
runs into and reinforces the leading shock so that in the outer flow it has the same strength
as in ideal flow.

The principal experimental difficulties in these flows, apart from the eternal problem.of
finding wall-shear stress, are those arising from probe alignment and, when separated,
unsteadiness. The turning angles may become large - e.g. CAT7904T, 200, 24* - so that even
the relatively insensitive Pitot tube gives misleading readings unless rotated to the stream
direction, while a static probe will be seriously inaccurate. (See the editors' comments in
the entry for CAT7904T and 9.2.5 above.) Quite systematic efforts have been made to quantify
the extent of shock-wave movement for this configuration. The principal investigation is that
of Dolling et al. (1983). The motion is such that for a 200 corner flow, the shock lies
within an X-interval of 0.35 entry boundary layer thicknesses for 90% of the time. The
observed range is about double this, and the range appears to scale on mean interaction
length rather than 6. The implicatiun is that with this degree of movement a shock may well
appear in time average measurements, as it affects probe measurements, to he a distributed
compression. Compression-corner flows considered here consist of a group of tests made at
Princeton (Settles, 7904T, Smits & Muck, 8701T) with models which did not span the whole
tunnel but were fitted with end plates to minimise side-wall boundary-layer effects, and
tests at Poitiers (Ardonceau, 8402T) and Marseille (Dehiive, 8301T) in which the ramps were
of tunnel width.

9.4.4. Curved compression-surface flows (CCS)

Flow turned by a compression corner experiences an abrupt compression, even if the effects of
shock motion and separation do in some degree distribute it. A flow turned by a ramp of
relatively large curvature, or curved compression surface, will be compressed gradually, and
the wave structure which propagates into the free stream exists as a distributed compression
throughout the boundary layer. The normal pressure gradients, for any region in which the
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Mach number is above v'4, are greater than the streamwise pressure gradients, so that static
pressure profiles are required if the data are to be functionally complete. (See Ch 6 in AG
253.) Cases of this type have been dealt with in previous volumes, the best documented being
Sturek & Danberg, CAT7lOl.

If the radius of curvature is small, as for series 01 of Taylor, CAT8401T, there may be probe
alignment problems of the same general nature as experienced for compression corners. the
flow direction along a profile normal changes rapidly from that of the wall to that of the
free stream in a relatively concentrated compression wave. For 8401T0105-7, the profiles in
question, static probe measurements were replaced by a linear interpolation across the wave,
while the free-stream pressure was probably obtained on a separate occasion. The presence of
normal pressure gradients must also raise questions as to the validity of the transformation,
demonstrated in 9.2.3 above, and the use of Preston tubes (§ 9.2.4) unless with wall-law
calibrations. Otherwise this configuration introduces no special difficulties apart from a
slight unease as to the effects of strong streamwise pressure gradients on static probes.

Four curved ramp flows are represented, all from Princeton (Taylor, 8401T for the mean flow;
Jayaram et al., 8702T for the turbulence data).

9.4.5. Distributed compression by reflected wave.

We have one case of a boundary layer on a flat wall subjected to a distributed incident
pressure wave. Flows of this type are discussed at length in AG 253, Ch. 6. Normal pressure
gradients will be small except at the start and finish of the reflection (see AG 253, figs.
6.1.4, 6.2.2/3), and even there not too severe. Normal measurement methods should meet with
little difficulty. It is instructive to compare figures 10.1.4 and 10.2.3 above, which give
the inner-law plots for a reflected wave flow on a flat wall and a curved ramp flow with the
same streamwise wall pressure gradient. The shear stress is deduced from Preston-tube
measurements, and it is evident that the correlation is much more successful for the flat
wall case. The discussion in § 9.2.4 above suggests that the lack of success on the curved
wall may not be inherent to the Preston tube as the calibration used was edge-state dependent.

9.4.6. Others

The other flows represented here are a flat plate flow, CAT8603T, and a centered expansion,
CAT8602T. This last again presents the difficulties associated with a concentrated wave, and
the authors overcame the profile-related problems by using the rotational method of
characteristics to calculate the static pressure in the affected region. Preston tubes were
not used, if they had been, there would have been an edge-state problem unless they used a
wall based correlation.

CONCLUSIONS

a) A majority of the problems arising in the interpretation of mean flow data for disturbed
compressible boundary layers are related to the effects of normal pressure gradients.

b) The most serious intractable problem is the determination of wall shear-stress. The flows
in question include regions in which a Preston tube can never be expected to give a valid
result, though it may be possible to extend the range of validity if calibrations are
based on pure wall-law similarity.

c) The Van Driest transformation should not be used for data affected by normal pressure
gradients, and profile-derived wall shear-stress values deduced from such profiles can
not be trusted.

d) The direction of the mean flow may change significantly in a short distance so that it is
necessary to take special measures to ensure that probes sensitive to misalignment, in
particular static probes and oblique wires, are correctly oriented.
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10. REVIEW OF MEAN FLOW DATA

Before we discuss the turbulence data we present the mean flow data for the 12 entries

contained in this volume. We begin with the zero-pressure gradient flow (ZPG) of Spina & Smits
(1987, CAT8603T), followed by the reflected wave case, Fernando & Smits (1986, CAT8601T),
providing an adverse pressure gradient (APG) of the same order of magnitude as those in the

concavely curved surface flow of Taylor (1984, CAT 8401T). The latter flows have appreciable
normal pressure gradients as has the expansion flow of Dussauge (1987, CAT8602T). The
remaining ten cases are shock/ boundary layer interactions which will be dealt with in two

groups, quasi-normal shock interactions and compression corner flows (cf. chapter 9).

Comparisons between measurements and the logarithmic law of the wall (AG 253, eqn. (3.3.12))
on the one hand and the outer law (AG 253, eqn. (3.3.17)) on the other hand were made for all
cases in this survey using the van Driest transformation (AG 253, eqns. (3.3.13 a and b))
with allowance for the recovery factor. The constants used for the log-law are K = 0.40 and
C = 5.10, and the Reynolds number is defined as Re6 2 = U6 96 62/ P..

10.1. Zero, adver, and favourable pressure gradient flows

Two of the three compressible boundary layers (ZPG and APG) discussed in Lhis section were
measured in the Princeton supersonic tunnel and provide comparative data for more complex
flows discussed in sections 10.2 and 10.3. The flow was not quite adiabatic (T./Tr z 1.1) but
heat transfer to the wall has been assumed to have negligible effect. The skin friction was
determined by Preston tubes using the calibration curve of Hopkins & Keener (1966). Total
temperature was measured at selected stations and on the basis of those measurements, a linear
variation giving To = 1.04 Too at the wall .a assumed. The third flow accelerates round an
expansion corner (Dussauge & Gaviglio (1987, AT 8602T). The boundary layer has passed through

the rapid expansion of the nozzle but ZPG development downstream is long enough for upstream

history effects to be small.

Table 10.1.1 presents some characteristic data:

Table 10.1.1

CAT Author PG Ma Re6 , x 10
- 3  

Transition

8603T Spine & Smits ZPG 2.9 38 Natural

8601T Fernando & Smits APG 2.65 - 2.48 40 - 58 Natural

8602T Dussauge & Gaviglio FPG 1.76 -- 2.25 3 - 2 Forced

The ZPG-flow is discussed first. Agreement between the log law and the measurements is good
(fig. 10.1.1), the deviation at the smeller y-values probably being due to errors in measuring

the distance from the wall. The outer law shows fair agreement (fig. 10.1.2) with the
measurements although the older data in the same Reynolds - and Mach - number range from the
same wind tunnel (Vas CAT7601) agree even better (fig. 4.2.16 AGARDograph 253). On the whole
the data of Spine & Smits are characteristic of a fully developed ZPG boundary layer.

The longitudinal pressure gradient for the APG flow was provided by a wave generator mounted
in the free stream and was identical to that measured on the curved ramp, model 2, of CAT8401T
but without curvature (cf. fig. 10.2.1). All profiles show normal pressure gradients though,
this being a reflected wave case, they are not very strong. The profiles describe the flow in
the downstream region of the adverse pressure gradient, profile 01 being about halfway through
the pressure rise. All outer-law profiles (fig. 10.1.3) show the typical APa behaviour for a
modest streamwise pressure gradient and should be compared with the measurements of Thomas
(fig. 5.3.12 AGARDograph 263). The profiles fit the logarithmic law reasonably (fig. 10.1.4),
again with discrepancies in the range y+ < 500. The data are in any case sparse near the wall

as they have been interpolated from detailed mean flow surveys to the y-values used for the
hot-wire experiment. In contrast, the data of Thomas go down to y' m 30 without any deviation

from the log law. The wake strength (A(u*/uT) - 5-6) shows values which are considerably
higher than those for ZPG in the same Reynolds number range which is in agreement with results
obtained in subsonic boundary layers.

For the FPG flow the tests were conducted on a continuation of the lower straight tunnel nozzle
block. At a point 640 - from the throat the surface turned down sharply at an angle of 12

°

forming the expansion corner, round which the flow accelerates. At about a further 120 mm
along the tunnel axis the surface curved back to the free-stream direction. The reflection of
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the expansion fan returned to the test surface downstream of this point. Profiles 01 to 09
were measured normal to the upstream wall, 10-23 normal to the sloping surface, with 09 and

32
CAT 8603 T

30 -*------f -'- _____
Profi. M, Re52  H, - CA 6 T

28 o 0101 2.87 34344 1 23 0 I CATo9603.
* 0104 2.67 38684 1 22 7 Profile

26 0106 2 87 39246 1 22 *_0101

0 09 2 89 40665 1 21 L6 - 0104
5 0106

22 4.

242

101 2 5 10 2 5 10 2510 2 5 -3 -2 -t

yu,/ v. 
In (yl& )

Fig. 10.1.1 Law of the wall for a compressible Fig. 101.2 Outer law for a
boundary layer with zero pressure compressible boundary
gradient Tw/Tr s 1.10, cf from layer with zero pressure
Preston tube). Spine & Smits (1986). gradient (origin not

defined, T./Tr a 1.10).
Spina & Smits (1986).

36

CAT 8601 T
34 -

8 Profile Mb Re0 2  1'412 -

CAT 8601T 32 0101 2 65 39995 1 28
0104 2 53 54012 1 33

Profile 30 0107 2 46 57634 1 32

6 c 0101 2 0110 2 50 56233 1 27 - j-
. 0104 28-4- .

5 - - - ° 0107 c, from Preston tbe
, , 0110 U. 26 - . .

3 -- - :[•
2 -2?------------ , -

20

-3-2 -1 102 2 5 10
3  

2 5 10' 2 5

ln (yIA") -y/v

Fig. 10.1.3 Outer law for a compressible Fig. 10.1.4 Law of the wall for a compressible
boundary layer with an boundary layer with an adverse
adverse pressure gradient pressure gradient (origin not
(origin not defined, defined, Tm/Tr - 1.10O). Fernando &

'wT 1 .10O). Fernando & Suits (1986).
Smite (1986).

10 at the corner. Upstream skin friction date were obtained tasing a handf it to the transformed
logarithmic law (K[ = 0.41 and C = 5.7). Downstream veluoes were calrruleted according to Chew
(1978). This flow was included in this volume because it appears to be the only reasonably
fully documnted study of a boundary layer paseing through a concentrated expansion. Upstream
influence by the subsonic layer next to the well appears to be snmel, so that the boundary
layer experiences a rapid distortion closely related to the correspndinag ideal flow model.
The comprison between ssurmenta and the log ise¢ is shown in figure (10.1.5). The agreement
for the three upstream profiles is very good duem to the curve fit for ut whereas the three
downstream profiles ap~pear to show a convergence towerds the log-lu.. The wake strength
h(iiu-'/) is smell and the acceleration effect on the boundary layer mast be classified a
being modest. Stronger effects of favourable pressure gradient my be observed in the boundary
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layers investigated by Thomas (CAT7401) and Lewis et al. (CAT7201), both, however, reflected
wave cases. Measurements agree with the outer law (fig. 10.1.6) - as they should - in the
upstream region of the flow and show the behaviour of a FPG boundary layer in the expansion
region (cf. fig. 5.2.4 in AGADograph 253). Dussauge & Gaviglio (1987) claim that the turbulence
intensities show a behaviour as to be found in a releainarized boundary layer. This is not
confirmed by the mean velocity profiles.

2: CAT 6602 T I
26 P ro file M R e 6 H 2 . - 8 7

01 1176 2951 139 
CAT 8602 T

2/ . 0105 1 "76 2896 1 Profi4e 7 Peofi.

c, fro lo Ia 010o5he 198

20 7 5 10 010803 
2

22 -'0101
0108

Fi. .011. 216 226 1 36 2-- O o

defned- aiabti

11
ICc, from Chow (1978

10 2 rao 2-3 -2 -1
Y"/.- In (YIA')

Fig. 10.1.5 Law of the wall for a compressible Fig. 10.1.6 Outer law for a
boundary layer with a rapid expansion compressible boundary
(origin not defined, adiabatic wall). layer with a rapid
Dussauge & Gaviglio (1986). expansion (origin not

defined, adiabatic
wall). Dussauge &
Gaviglio (1986).

10.2. Curved ramp flows

Before we discuss the comprezsion corner flows, we present a milder version of this type of
flow for which the abrupt compression corner was replaced by one of four curved rasps. These
ramps had side fences since they were narrower than the tunnel so as to reduce side wall
boundary-layer effects. The ramp curvature started at (X = 0) 1.15 m from the nozzle exit
plane and the four raps bad en initial circular are section followed by a flat recovery
section. The min geometric and flow parameters are presented in table 10.2.1. The initial
mean flow studies were performed by Taylor (1984) end have been supplemented by a fourth case
(Donovan & Smits (1987), presented as 840104T). There are no shock waves in the exterior flow
near the boundary layers.

Table 10.2.1

CAT Rju Ljm L2M do NMj Re6 10-' Skin friction

840101T 254 35.5 145 8 2.9 -2.5 37-59 Preston tube

840102T 1270 177.3 152 8 2.85-2.45 34-58

840103T 1270 354.7 77 16 2.88-2. 18 35-98

840104T 350 97.7 156 16 2.88-2.14 31-68

Hare R, denotes the radius of curvature, L, the length of the curved section, L2 the length
of the flat section, end a the turning angle. The respective turbulence data were measured by
Jaysrem at al. (1987) and by Donovan & Smite (1987). Comparable simple-wave ANG studies are
those of Sturek & Danberg (CAT? 101) and Laderman (CAT7803s).

The wall static-pressure and the skin-friction distributions for the four test cases are
presented in figure (10.2.1). For each turning angle there are two radii of curvature and
the flow reaches about the same pressure level, however in half the downstream distance for
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the smaller radius. This results in a steeper streawise pressure gradient for cases 840101
and 840104 and corresponding effects on the mean flow and turbulence structure. As a curved-
wall flow there are normal pressure gradients which, at these Mach numbers, are greater than
the stremmeise gradients. In the region affected therefore, integral values are not properly
formed and no precise conclusions should be based on their values. The author has used an
"effective" edge state as suggested by Settles (1975) and this must throw in doubt both the
reduction of the Preston tube data - the Hopkins & Keener compressible adaptation requires
edge-state values - and the value of the van Driest transformed velocity (see 3 9.2.3 above).

76

6---, 300

. -200P. .....

Nm' 3 " CAT 8401 TNm']

2 -8410 t. Nm'2 p. N 2 00 Radius [mml 100
840101* 8 254.
840102 * 8 1270

1 T 840103 * 16 1270
1 j 840104 v v 16 350

-50 0 100 200 300 400
x mm

Fig. 10.2.1 Wall static-pressure and skin-friction distributions for compressible boundary
layers along 4 concave compression surfaces with recovery sections (Taylor (1984).

So the skin friction data in figure (10.2.1), in the affected region, should be regarded with
some caution. For example, there is hardly any difference in the distributions of r. for the
two angles of curvature 8

° 
and 16

° 
for the same radius R, of 1270 ms for values of x downstream

of the affected region on the 8* model. The pressure distributions of course differ, but the
recovery region is probably not long enough for significant differences to develop.

The wall-law velocity profiles, using the author's Preston-tube-derived wall shear stress,
32 show a considerable degree of

CAT 8401 T *4 scatter. They are presented in
3 figures (10.2.2 to 10.2.4) for

Prot M5  Re6, H2. the first three cases. The

28 o 0101 2 89 37209 1 25 initial profiles 0101, 0201 and
0103 2 69 38192 1 24 - 030! (ZPG) agree well with the

26 0105 2 86 - - - - - logarithmic law while the
0107 2 86 - t remainder in the less affected
0109 2 51 55969 1 28 *tn olelw u24 regions tend to lie low by up0111 2 48 58778 1 25 to 10% implying a wall shear

,_ - stress value up to 20* too high.
This may be a consequence of

20 - • the use of the "effective" edge
state when reducing the Preston-

I8 tube data (S 9.2.3). If the

Frei & Thomann (1980) pressure
16 gradient correction may be taken
I ,, -as a guide to the validity of

1'.I. Preston-tube response to the
10' 2 5 102 2 5 10' 2 5 10' 2 5 10 streaswise pressure gradient, the

yu, Nv. - maximum correction would be 3%,
and related more to large probe

Fig. 10.2.2 Law of the wall for a compressible boundary size (d
4 

= 1000) than to

layer along a concave compression surface pressure gradient (alpha max
(origin not defined, T./Tr a 1.10, cf from 5 x 10

-
3 on model 1).

Preston tube). Taylor (1984).
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In the source paper and when shown in the >pen literature, these profiles have been presented
with wall-shear values deduced by fittingthe data to the wall law, and therefore initially
appear to be in excellent agreement. We db not however, for the reasons outlined in 9 9.2.3
above, feel that it is proper to rely on a curve fit in deducing wall shear in flows with
normal pressure gradients, or in severely non-equilibrum conditions. In addition we must
question the quality of the fit, as, at least for some of the downstream profiles, (0314/6)
the profile as shown has points below the wall law in the range 102 < y+ < 10' which if they
were a decade further in would appear to indicate the sublayer very satisfactorily. It is not
possible at present to come to any rotust conclusion for flows of this type, with significant
normal pressure gradients, as to the ?rincipal source of the discrepancies. Both the profile
and the Preston-tube results are affected by the choice of edge state, and it may be that in
reality the profiles do not show a a:andard log law.

It is evidently desirable to use a ?reston tube calibration function which is not D-state
dependent, such as that proposed by
Bradshaw & Unsworth (1973), and the

32 low value of the wall pressure
CAT 8401 T. gradient parameter suggests that the

30 zerc pressure gradient calibration2, 2 Ma Re6 H12 . * might be appropiate. There is of

2 0203 2 85 34275 1 24 - course no ordered information as to
0206 2 86 - 1 . the effect of curvature, if any, or

26 00of the normal pressure gradient. As
0210 2 77 - - e for the log law we have plotted only
; 2 0271. 2 15 58. 27 " , :a selection of data for the outer

* 0217 2 52 55020 1 23 law. Again the measurements show a

22 * '.r considerable degree of scatter

20 (figures 10.2.5 a and b) without a
20 "definitive trend indicating the

adverse pressure gradient. Only
8 'profiles 0309 and 0312 in figure

(10.2.6) exhibit the APG behaviour
16 in that they lie below the curve for

the outer law in a ZPG. The
14 measurements of series 4 in inner

10 2 5 10' 2 5 10' 2 5 5 layer coordinates are presented in

figure (10.2.7). They show the
greatest scatter of the four test

Fig. 10.2.3 Law of the well for a compressible cases of CATS401T and even the
boundary layer along a concave compression initial profile (401) which should
surface (origin not defined, T5 /Tr a 1.10, be in a zero pressure gradient
cr from Preston tube). Taylor (1984). shows an anomalous behaviour.

32
CAT 8401 T

30 .* ,

Profle M6 Ret, H, ,2
28 0301 285 35396 1 23 .,*

. 0303 2 88 37245 1 23

26 0305 2 87 -,-
0309 2.5 -

24 0312 2 26 98856 1 30 , . " . .

2 0315 2 18 89272 1 23 21 ,
u" 22 - . ,

'.
20 . . . . ..

18

16

10' 2 5 10' 2 5 10' 2 5 10' 2 5

yuI/v.

Fig. 10.2.4 Law of the wall for a compressible boundary layer along a concave compression
surface (origin not defined, T./T, a 1.10, cf from Preston tube). Taylor (1984).
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30
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Fig. 10.2.6 Outer law for a Fig. 10.2.7 Law of the wall !'or a compressible boundary

compressible boundary layer along a concave compression surface

layer along a concave (ot-gin not defind, T./T a 1.10, cf from

compression surface Preston tube). Donovan & Smits (1987).

(origin not defined,

T./Tr a 1.10).

Taylor (1984).
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10.3. Compression-corner flows

Compression-corner flows considered here consist of a group of tests made at Princeton
(Settles et al. (1979) and Muck at al. (1983), the latter measured the turbulence field), and
tests at Poitiers (Ardonceeu (1984) and Marseille (Debigve (1983)). In the former case
(CAT 7904T) the models did not span the whole tunnel but were fitted with end plates to
minimize side-wall boundary-layer effects, while in the latter two flows (CAT 8403T and 8303T)
the romps were of tunnel width.

Table 10.3.1

CAT a. L, M6  Re62 . 10
- 3  

Skin friction Separation

8301 T 6 240 2.33-2.0 2.3-3.7 Calculated no

Chew (1978)

840201T 8 80 2.24-1.86 4-5.5 Calculated no

840202T 13 80 2.26,1.74 3.5-8 Fernholz(1971) incipient

840203T 16 60 2.23-1.58 3.8-10 yes

790401T 8 not 2.87 35-47 Preston tube no
applicable

790402T 8 >107 2.76-2.43 24-56 " no

790403T 16 >140 2.83-2.2 32-63 yes

790404T 20 >114 2.79-2.0 37-80 yes

790405T 24 )142 2.8-2.7 33-40 " yes

e is the angle of inclination to the tunnel floor and L2 the length of the surface extending
from the corner (L1 being zero). There are no other compression-corner flows in the three
earlier AGARDographs by the authors which could be used for comparison.

20

26 6

22 . : :Proe NM 2

22 , 0103 3 95 -2
6 .0104. 4 35 -2

S013 5 57 20

44
u" ; i :50

"- 18 ~~~CAT 8301T 4--CT831

16 - Prof Mo Reb- H, x.N
2  

-
j0 0103 2 31 2365 14 5 32 5

14 t 0104 232 2860 1 51 286 2-
I 0113 2 10 3359 1 51 31 3

12 0115il 2 09 3320 1 48 32 9 1 -

4 162 07 3259 1 47 325

00 -

10 1 2 5 10
2  

2 5 10 3 2 5 10' -3 -2 -1
YU,/Y. n Y/tv) -

Fig. 10.3.1 Law of the wall for a compressible boundary Fig. 10.3.2 Outer law for a
layer along a compression surface (6") compressible
(adiabatic wall, origin not defined, cf from boundary layer
correlation of Chew (1978)). Debieve (1983). along a compression

surface (6).
Debiive (1983).

We begin our discussion of the mean flow profiles with CAT 8301T. The test boundary layer was
formed on the floor of the wind tunnel, remaining under ZPG conditions for approximately 240 ma
after leaving the =,izzle %hich is about 350 m- axially from the throat to the exit plane. The
turbulent bourdary layer was shown to be fully developed with a normal energy spectrum.
Transition was forced by a roughneqs strip upstree of the nozzle throat. The profiles
(Pitot pressure, static r miure, and total temperature) form a single series running from
the undisturbed uptrewi .!.. (01-06) through the compression-corner interaction and well
downstream into the r- '.- x flow. Skin-friction values were not provided for all profiles,
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downstream into the relaxing flow. Skin-friction values were not provided for all profiles,
so the first and the last profiles which could be plotted were 03 and 16, respectively. We
have plotted out all the mean-flow profiles for which the author gave us a value of the wall
shear stress, none close to the interaction, and it in not surprising that they fit the
logarithmic law (cf. figure 10.3.1) as the shear-stress values are profile derived. The outer
region of the downstream profiles shows a typical APO character, inherited from the earlier
retardation (figure 10.3.2). The last profile (0116) has not completed relaxation towards the
ZPG profile.

As in the previous case the boundary layers of CAT 8402T developed under ZPG conditions on

the tunnel floor before encountering the change in direction nt the compression corner

(X = 0) a distance 546 me from the throat and 219 m from the exit of the nozzle. "The
undisturbed boundary layer was found to be fully turbulent without any tripping" (Ardonceau
1984). Pitot-pressure and static pressure profiles were measured normal to the axis in the
range - 0.02 < x < 0.06 m and in reducing the Pitot date the author assumed constant total

temperature. The wall pressure data were derived from the profile data adjacent to the wall.
We present two of the three sets of profiles measured in turbulent boundary layers experiencing
a shock-wave structure caused by a compression corner. Series 01 is wholly attached, series

02 is on the point of separation, while series 03 has a smell separation region in the corner.

The profiles cover the flow from upstream of the corner to about 8 undisturbed boundary-layer
thicknesses downstream. Unfortunately there are no measured skin-friction values, preventing

us from presenting the data in our usual way. We have therefore used the semi-empirical skin
friction relationship derived for ZPG compressible boundary layers (Fernholz 1971) in order

to plot the initial and the last profiles in inner and outer-law coordinates, at least for

series 01 and 02 which have no separation.

Figure (10.3.3) shows the first

30 three and the last profile for the
smallest ramp angle of 8*. The two

28 upstream profiles (0101 and 0102)
follow the logarithmic law whereas

26 - the downstream profiles, the first
26 /and the last of the deflected flow,

24 - -. 7 show no agreement with the log
law. Although the calculated skin

22 - L friction for the latter profiles

CAT 8402 T is probably incorrect, experience

20 with this type of flow leads us to
believe that the logarithmic law

18 Profile xmm M6 Re62 frNM
'  

does not hold in the shock boundary-
0101 -12 22. 4119 ~ layer interaction and that the

16 .0102 - 4 223 3576 550 recovery length of the wall is
0103 . 4 - - 473 too short to allow the profile to

14 -0107 60 1 86 5596 684 readjust to "normal" conditions.
____This is even more obvious in the

10' 2 5 101 2 5 10' 2 5 case of the stronger flow
yu - deflection (131) the profiles for

which are shown in fig. (10.3.4).
Fig. 10.3.3 Law of the wall for a compressible boundary Overtly it would seem that the

layer along a compression surface (8*), upstream effect on the pressure
(adiabatic wall, origin not defined, cf gradient is so strong that all the
from Fernholz (1971)). Ardonceau (1984). three upstream profiles (0201-0203)

are affected. It would have been
advantageous if velocity data

could have been measured closer to the wall, the lowest value of y+ being only about 130.

This is, however, very difficult for any optical method as the effective position of measurement
is much affected by refraction. The bad agreement at low values of y may be caused by this

effect. Figure (10.3.5) presents the outer-law plot for some profiles of series 01 and 02 of
CAT8402T.

In figure (10.3.6) we wish to draw attention to two observations which may be exemplified by
the flows along the two small ramp angles 6

° 
and 8

° 
of CAT 830101T and 840201T, respectively:

First, the large difference in the level of the calculated skin friction of the two boundary
layers (full circles and squares) which is due to the different levels of total pressure and
secondly, the close agreement, approximately * 3%, between the calculation methods of Chew

(1978) and Fernholz (1971). The former takes into account the APO, using the Ludwieg & Tillmann

relationship modified for compressible flow, whereas the latter is strictly valid only for
ZPO. This is not fortuitous but can be explained by the rather weak influence of small and
moderate pressure gradients on the change of the shape parameter HItk which is used in Chew's
formula. H12k is defined as the ratio of displacement and momentum loss thickness for constant

density.
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Fig. 10.3.4 Lo of the wall for a compressible bounds"y layer along a compression corner

(13), (adiabatic wall, origin not defined, 
cf from Fernholz (1971)).

Ardoncesu (1984).
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Figure (10.3.7) presentn the development of the wall shear stress as reported by the authors.
The figure should be regarded as no more thean an indication of the overall trends, as the
reduction of the Preston tube data was made with the Hopkins & Keener (1966) correlation,

using a fictitious edge

350 state (Settles et al.,
1979) assuming free-stream
total pressure and wall

306 - static pressure. The poor

level of agreement with
250 -the log law in the figures

below is at least in part
due to this procedure, but

200 "it is questionable whether
a Preston tube, unless so

. ISO small to be considered a
CAT 7904T wall device, could provide

10 -eshear stress values in the
P00 interesting part of these

790401 80 no

5 790402 8 flow fields in any case
7901.03 16

°  
If (see g 9.2.3/ 9.2.4).

790404 20 yes Case 790403 shows a skin
01 - 790405 24 yes friction distribution

i700 21 yewith incipient separation

where as cases 04 and 05
-50

-25 -50 0 so 100 150 200 have extended separation
x mm - regions followed by

reattachment and a rise in
Fig. 10.3.7 Skin friction distributions for compressible skin friction with a

boundary layers along 4 compression corners parallel rise in wall
(cf from Preston tube): Settles (1979). pressure.
(Lines are for clarification only).

Figure (10.3.8) shows the mean velocity profiles upstream of the corner (0101-0104) and two
profiles along the ramp, with the
probes aligned to the tunnel floor.

Profle 6 Mn In the upstream region agreement
31 0101 2 87 34642  133 S -25 4 with the log law is good although

:0103 2 87 42485 123 - 5 1 - - discrepancies begin to show one

.0104. 2 86 43041 124 - 2 5 decade too early for profile 0101.
32 .0106 2 6 - 111 5 • 5 1 - The discrepancies between the

-.0108 2 86 - 136 52 - .: profiles and the log law are
30 .0110 2 87 40460 154 3 25 4. p nd 

.t 
l

CAT 7904 T large down to about x = 30 = on
S2 . the ramp and then suddenly

S *-" decrease as is shown in figure

26 (10.3.9) for profiles 0207 and

0208. This cannot be explained

24 on physical reasons and we

assume that the "jump" is due

22 - .". to an erroneous determination
of the wall shear stress. Series

20 -- -- - - - 01 and 02 describe the sae flow.
*For series 01 the probes are

18 _ • aligned with the axis, while for
02 they are parallel to the

16 downstream ramp surface. Some
102 2 5 10 2 5 1o' 2 5 profiles of series 01 and 02 are

yu / presented in outer-layer
coordinates in figures (10.3.10

Fig. 10.3.8 Law of the wall for a compressible boundary a and b). The profiles show ZPl

layer along a compression corner (8
°
) (0101 and 0103) and moderate APG

(origin not defined, T./Tr a 1.10, cf from behaviour, respectively.
Preston tube). Settles (1979).



Fig. 10.31

021 55925 23 76 hwalfr

- coapressible boundary layer

j;2 along a compression corner
U, 24 -- (8*). (origin not defined,

ToT 1.10, cf from Preston
P , 10 Nm x mm tube). Settles (1979).

aA 790 T A 70

20 3 10 6 30 00
6 3

3 010 1620

4 0 12

YUU- IV

0 0

~~~~~~~~CAT 7904 T ** httebudr ae

Proft@ e~~ 4 -ci- . pproche incpiet searaiono~~~~~~~~~ 031394 efcs u o hc

- rf Pran ofi312.t hepoie

0M0 po 10N
2

m houdr layr2id1o

010 6 30620b2bsrvd

10 ~ ~ ~ ~ 00 2 5 10 20217 nerrtte rfls rsne
in seie 03to01uig0u

usual0090 

crtraTo 

hs 
w

4-3



10 1 2

36
CAT 7904 T-

34 Profile R&6,
0401 36785

32 * 0402 - --

04.11 -

30.- 0 1- 0416 80268

28 - --.- _

6 Fig. 10.3.12

24.- -- *----- ________ Lw of the wall for a
SP Ucompressible boundary layer

22 M6 P. 10"Nm m along a compression corner

279 2 16 -38 1 (20), (origin not defined,20 T ./T 1 = .10, c from Preston
- 6 61 25= o

•
I•- 7 50 57 2 tube). Settles (1979).

102 2 5 101 2 5 101 2 5 101

YUt,/v. -

10.4. Quasi-normal shock interactions

Quasi-normal shock interactions considered here consist of a group of tests made at ONERA
(D6lery et al., CAT 8002T, with an asymmetric configuration, and Copy et al., CAT 8003T, for
three cases with the shock forming after a slight symmetric constriction in the tunnel), and
three cases selected from a large number made at Cambridge (Liu & Squire CAT 8501T) on both
the floor and the roof of a similar configuration to that used by D6lery et al.. Table 1I.4.i
gives the main parameters.

Table 10.4.1

CAT M6 Re6, .l0
-3  

Skin friction Separation

800201 1.1 - 0.87 7 - 27 Not measured yes

800301 1.3 - 0.80 1 - 10 Calculated no

800302 1.3 - 0.81 2 - 11 from Fernholz (1971) incipient

800303 1.4 - 0.81 2 - 18 Not measured yes

850101 1.1 - 0.80 5 - 27 yes

850102 1.2 - 0.81 7 - 13 Calculated yes

850105 1.1 - 0.75 4 - 14 from Winter (1970) yes

850106 0.9 - 0.75 7 - 13 no

) Probably a profile fit

Dilery et al. (1960) used a LDV to measure the velocity field in a boundary layer interacting
with a quasi-normal shock and the succeeding recovery process. The shock was strong enough
to cause the boundary layer to separate. They obtained a large number of profiles, at close
intervals, which are plotted in full in the source paper. We show here (fig. 10.4.1) the
Mach-nuber field in the exterior flow as deduced by them from an interferogras, with the
assumption that the total pressure loss in the shock system can be neglected. With this
assmption, the lines of constant Mach number are isobars. The figure illustrates well the
complexity of this type of flow, but also indicates that, over most of the' flow field, the
normal pressure gradients are not large, so that some of the difficulties inherent in aking
mean flow measurements in compression-corner flows are avoided. All the mesurments were
non-intrusive, so that the data are not functionally complete, lacking pressure or density
information in the boundary layer. More seriously, there are no wall shear-stress data so
that we have not been able to make our standard velocity profile coarisons. The first
traverse was at X = 270 a, behind the leading branch of the shock and with the recirculation
region already established.
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interaction as deduced from an

40 / / / interferogra. D6lery et al.
(CAThO2T), copied from author's
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The investigation of Copy & Reisz (CAT 8003T) supplements that of Delery at al. described
above. Measurements started upstream of the wall pressure minium in test boundary layers on
the tunnel floor formed by convexly curved inserts let into the floor and roof. The throat
was approximately 0.2 m from the start of the parallel part of the tunnel. Since no separation
was observed for series 01 and 02 we have calculated skin-friction values using the calculation
method of Feruholz (1971) in order to be able to plot the velocity profiles in inner and outer
coordinates in the recovery region downstream of the shock. This is the region where the wall
static pressure remains constant (fig. 10.4.2). The inner-layer plot (fig. 10.4.3) shows
qualitatively that the velocity distribution recovers from the highly disturbed profile 0116
to profile 0120 which follows a straight line at least in a region 350 4 y" 4 101, however,
it would not be wise to claim that it is returning to the logarithmic law. The poor positioning
of the curves in relation to the log law may well be a result of using a ZPG3 skin-friction

correlation, but the shape of
7 the curves suggests that this is

not the sole problem. Some part
----0 - of the variation at low y+ may

00 0 o be due to refraction. The same

-
5  

.- )"--....toveral picture holds for the

measurements of series 02 in
4 figure (10.4.4). The outer law

p. XI0- 4 o 0 .plot (fig. 10.4.5) is much clearer
Nm

"  
3 ---- CAT 6003T since the data do not suffer from

Run Range o M, wall effects. Here we observe
o 800301 1 30 - 0 8 clearly the recovery of an APG
1 800302 1 30 - 0 8 profile to a ZPG velocity
. 800302 1 30 - 0 8 distribution. Series 03 of

CAT8003 includes a separation

0 j region. For this reason recovery
100 150 200 250 300 350 to a ZPG boundary layer must

x mm take much longer so that it was

Fig. 10.4.2 Wall-pressure distributions for 3 shock considered inappropriate to
boundary-layer interactions (adiabatic wall calculate skin-friction values
origin not defined). Copy & Reisz (1980). for this case.
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30

Fig. 10.4.4 Law of the wall for a
I - compressible boundary layer downstream

of a quasi-normal shock interaction
20 CA "3 T (adiabatic wall, M6 x 0.8).
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Fig. 10.4.5 Outer law for a compressible boundary layer downstream of a quasi-normal shock
interaction (adiabatic wall, M 6 z 0.8). Copy & Reisz (1980).

Liu & Squire (1985) performed their investigation of shock/boundary-layer interactions at
transonic speeds. Five circular arc models could be mounted in the tunnel floor to form bumps.
The origin x = 0 is set at mid chord and the maximum height of the bump, 708 m downstream of
the start of the flat part of the floor. The flow approaching the test area is subsonic, so
there are no incoming standing waves. It accelerates over the bump and at sufficiently low
back pressure is retarded by a shock wave. The test region extended over the range -

60 4 x 4 215 me. Pitot profiles were, in general, measured upstream of the interaction and in
the recovery region downstream for both the boundary layers on the floor with bump (series
01, 03, and 05) and on the flat ceiling (series 02, 04, and 06). It is unfortunate again that
no efforts were made to determine the wall shear stress other than by deducing it from the
profiles. We show (fig. 10.4.6) the profiles of series 03, for a flow on the tunnel floor, on
and downstream of the bump. They are plotted in wall coordinates, using skin-friction values
corresponding to those shown in figure 18 of Liu & Squire (1988). The fit is not of a quality
to justify us in presenting wall shear stress as data and only general qualitative conclusions

can be drawn. The first two profiles 01, 02, show strongly accelerated characteristics, as
might be expected. Profile 03 is at the X-value stated elsewhere as the separation point, so
that its wayward character is not surprising. The remaining four profiles are downstream of
the reattachment point and display a wake component which is progressively falling as the
boundary layer relaxes after the interaction. Figure (10.4.7) shows a wall-law plot for

series 02, on the flat tunnel ceiling. The disturbance is again large enough to cause
separation, but it occurs further downstream than on the bump. Here there are four upstream
profiles showing strongly accelerated characteristics followed by a single profile downstream

of the reattachment. The outer-law plot, figure (10.4.8) again shows this clearly, while both
presentations emphasise the enormous change in profile shape which occurs in the interaction.
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Fig. 10.4.6 Law of the wall for a compressible boundary layer with a quasi-normal shock
interaction on the curved tunnel floor (adiabatic wall, origin not defined).
Liu & Squire (1985).
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Fig. 10.4.7 Law of the wall for a compressible boundary layer with a quasi-normal shock
interaction on the flat tunnel ceiling (origin not defined, r from profile
(authors), adiabatic wall). Liu & Squire (1985).
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Fig. 10.4.8 Outer law for a compressible boundary layer with quasi-normal shock interaction
on the flat tunnel ceiling. Liu & Squire (1985).
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The data given in the entry for CATS5OlT form only a small part of those measured. In all 68
configurations were tested, 53 with detailed wall pressure measuremnts and holograms giving
the inviscid density distributions. Of these 16 included profile measurements (32 series in

Conclusions:

Compared with AG 223 and 263 the number of experiments with strong pressure gradients has
risen considerably. Unfortunately most of the data sets are incomplete in that they are
either functionally incomplete, requiring either pressure or density information, or lacking
measurements of skin friction or both.

With the present experimental information it may be stated however, that the logarithmic law
of the wall does not appear to hold in the region of the near-well shock/ boundary layer
interaction if no separation occurs end much further downstream of reattachment if the flow



11. EVrW OF TUEBLXCN DATA

11.1. General remarks

A discussion of turbulence data in compressible boundary layers may be found in Fernholz &
Finley (1981) and in D6lery & Marvin (1986), the latter authors dealing only with turbulence
in shock/ boundary-layer interactions. Fernholz & Finley (1981) - henceforth denoted by AG
263 - have stated why investigations of the turbulence structure are necessary. We are
interested in the
- changes of the turbulence structure due to compressibility
- changes due to pressure gradients
- changes due to shock/boundary-layer interaction (see ch. 9)
- relative order of magnitude of the Reynolds normal and shear-stress components.

AG 263 further provides surveys listing investigations in which measurements of single
components of fluctuating quantities (table 3.1) and of Reynolds shear stresses (table 4.3.1)
have been performed. These lists will be supplemented below.
Chapter 3 of AG 263 discusses in detail scaling velocities and scaling lengths so that a
discussion will not be repeated here. Wherever possible we have used either inner-layer
coordinates (Il/ur) as the characteristic length and the skin-friction velocity ur as the
characteristic velocity or outer-layer coordinates ((u*6-u-*)/ ur and A*, the Rotta-Clauser
version for compressible boundary layers). In these cases - and they are the majority - where
skin-friction data were not available or unreliable, velocities were made dimensionless by a
constant reference velocity, either uT or ud in the upstream ZPG region, and plotted against
y. As discussed in AG 263 we have rigidly excluded the boundary-layer thickness 6 as a scaling
length, all the sore since we deal mainly with shock/ boundary-layer interactions.

We begin our survey with table (11.1) listing investigations in which measurements of
fluctuating components were performed. Their number is rather small but in comparison with
AG 263 (table 3.1) there are several sequences of profiles showing the development of Reynolds
normal and shear stresses upstream and downstream of a shock/boundary layer interaction along
an adiabatic wall.

Table 11.1
Number of profiles

Anemometer
Author 16 0&x PG <u'> <v'> <u'v'> a' wall geometry

Delery, Copy, 1.4 QNS 28 28 28 - LDA
Reimz (1980) tunnel floor
CAT 8002T

Copy & Reisz a 1.3 QNS 22 22 22 - LDA
(1980) 20 20 20 -- tunnel floor
CAT 8003T 17 17 17 -

Debi6ve (1983) a 2.3 CCF 2**) - - 6 CORWA
CAT 8301T compression corner

Ardonceau a 2.3 COF 7 7 - 8 LDV
(1984) 8 8 - 13 compression corner
CAT 8402T 7 7 7 18

Fernando & 2.9 APG 9 -- CTHWA
Smits (1986) 3*) 3*) 3*) tunnel floor
CAT 8601T

Dussauge & 2.25 FPG 4 - - -12* CCHWA
Gaviglio (1986) expansion along
CAT 8602T tunnel floor

Spins & Smite 2.9 ZPG 7 - CTRWA

(1986) 1*) 1*) 1*) tunnel floor
CAT 8603T

Jayarem et al. 2.9 CCS 9 - 9 8 CTRW, curved

(1987) compression surface

CAT 8702T 14 - 14 8

Donovan & Smite 2.9 CCS 4*) 4*) 4*) 16 CThWA, curved
(1987) 3 - - 16 compression surface

CAT 8702T

Muck at al. 2.8 CCF 23 - 6 8 CTRWA

(1983) 13 - 8 16 compression corner

CAT 701T 11 - 9 20
3 - - 24



The profiles denoted by an asterisk were brought to our attention only after the figures for
chapter 11 had been completed, those denoted by two asteriks are not available in tabulated
form. They are therefore included on the tape and further details may be found in the following
references:

For CATB60IT see Fernando (1988)
CAT8603T see Spine (1988)
CAT8702T see Donovan (1988).

There exist also two-point correlation data Ruu(r,0,O,r), R,,(0,r,O,T), and R,,(O,O,r,r)
available from Spine (ZPG) and Donovan (APG) as well as Ru.(0,r,0,r) and Ruu(0,0,r,T) for
Fernando.

11.2. Reynolds normal stresses

The investigations of Spina & Suits (1986) in a ZPG and of Fernando & Smite (1986) in an APG
boundary layer in the same test section with the same upstream conditions permit an interesting
comparison between the distributions of the maxima of the Reynolds normal stresses as they
develop in stream direction (fig. 11.2.1). For the ZPG case the u'-profiles display variations
that lie within limits of less than 2 10% over the flow range under investigation. The adverse
pressure gradient, however, leads to a rise of [(W u2),,/ . u j of about 300% at roughly
the position of the maximum of the wall static pressure which itself increases by 50% compared
with its level at the first measuring station. Since the ZPG upstream level for the APG flow
is not given and since both flows have the same total pressure level it is reasonable to take
the upstream ZPQ flow as representative also for the APO case. The maximum static pressure rise
is then 100%. Figure (11.2.2) shows distributions of the dimensionless Reynolds normal stress
in inner-layer coordinates for the ZPG boundary layer. They display a "similar" behaviour which
is not surprising since the Mach number remains constant and the Reynolds number hardly changes.
Unfortunately the unavoidable sturdy design of the hot-wire probes does not permit an extension
of the measurements closer to the wall so that the lowest value of y' is only 1000. This is a
very high value compared with measurements in subsonic boundary layers. This plot reveals an
important deficiency of many fluctuation measurements presented in this chapter in that the
mxima shown in the various diagrams are the maxima measured in the experiment but are often
not the true maxima. These absolute maxima lie closer to the wall and are thus out of the range
of present measuring techniques. This warning should be heeded when drawing conclusions from
the fluctuation data. One example for this proposition are the date of Kussoy at al. (CAT7802S)
which were measured at similar Mach and Reynolds numbers (M6 a 2.3 and Re6: a 16 x 101). They
show qualitatively the same behaviour but extend closer to the wall, giving a value of ( u" z/
Qm u') = 4 at y+ of about 200 (AG 263, fig. 3.1.1). Figure (11.2.3) presents two of the
profiles in outer-layer coordinates y/A

5 
where 4* is the transformed Rotta-Clauser length. In

order to show the influence of the density distribution we have also plotted the specific
Reynolds normal stress u' 

2
/ul which is lower than the Reynolds normal stress. The trends of

the ZPQ data of Spine & Smits and of Kussoy et al. differ, however, as is shown more clearly
when plotted in outer-layer coordinatea (AG 263, fig. 3.1.3). The Kussoy-data display a
plateau at about 2 in the range 2 y/&*;- 0.5 before they rise again towards the wall.

. .10 N.
2
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6 - flmes any ndicote the trend)
€| Fig. 11.2.1

Distributions of wall static
6pressure and of the maximu of the
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and an APO compressible turbulent

- 2 _boundary layer (T./T, = 1.10,
4-r - =r--' - (origin not defined). Spine & Suits

- - . " . (1986). Fernando & Suits (198).
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Fig. 11.2.2 Distributions of the Reynolds Fig. 11.2.3 Distributions of the Reynolds
normal stress in a compressible normal stress in a compressible
boundary layer with zero pressure boundary layer with zero pressure
gradient (T./T a 1.10, origin gradient (T./Tr 0 1.10, origin
not defined, cf from Preston not defined, cf from Preston
tube). Spina & Suits (1986). tube). Spine & Suits (1986).
Inner scaling. Outer scaling.

7 There are several experiments where skin
friction has not been determined and then it is

6 impossible to present data in inner and outer -

- layer coordinates. In order to set some sort of
V- a standard for comparison, we present the ZPG

I k data of_&ina & Suits in a form (fig. 11.2.4)

(u3j
',
2 102 CAT 8603 T where (u'2)1/2 is made dimensionless by an

3 l, upstream undisturbed velocity uinf plotted
Profie urns-' Re62  - against the wall normal y. This procedure

0101 22 1 343, avoids an erroneous dimensionless presentation
2 . 0102 22 2 31.075 - an a function of, for example, y/6 since 6

0108 21 1 4.2230 i 8S0109 21 6 .06 a cannot be defined properly in compressibleI 01 26boundary layers with pressure gradients. It

0 6- 290 0 2 also shows the streamwise development of the
10' 2 5 10, quantity in question in the boundary layer.

y -m --

Fig. 11.2.4 Distributions of the mean square of the fluctuating velocity u' in a compressible
boundary layer with zero pressure gradient (T5/Tr * 1.10, origin not defined,
ulnf = 569.4 s-'). Spina Suits (1986).

The discussion of the subsequent data of section 11 will be concerned with the beheviour of
fluctuating quantities in AP compressible turbulent boundary layers. In AG 263 we remarked
that such s discussion can only deal with case studies, and unfortunately, we have nothing
to add to this comment today. It is appropriate therefore to quote the reasons given in
S 3.2 of the earlier volume. "The two reasons for this are the scarcity of data and the lack
of a suitable pressure-gradient parameter which could be used to compare data from different
experiments. Such a pressure-gradient parameter would have to take account of boundary-layer
flows with both stremwise and normal pressure gradients, and of flows where both pressure
gradients are present." Such a pressure-gradient parameter does not yet exist, however, and
none of the parameters which can be found in the literature has much meaning in the flows
discussed below.

We continue the discussion of the behaviour of Reynolds normal stresse with the APO boundary
layer of Fernando & Suits (1996), CAT 8601T, with the flat wll static-pressure distribution
as given in figure (11.2.1). Since the first two profiles in figure (11.2.5) are already
affected by the pressure rise, profile (0102) has values which ar_bout twice as high as
those in the ZNQ case (fig. 11.2.2), and the largest values of V u' s/-e uf occur close to the
maximm of the pressure gradient, and upstream of the maxim well pressure. This agrees with
the comprable ANO boundary layer of Kussoy at . (1978), CAT 7802S, in figure (3.2.1) of
AG 263, although there the masximm value of (e u' /e u#) is sbout 11 compared with 9 in
figure (11.2.5). For a comparison of the same profiles in outer-layer coordinates the reader
is referred to figure (11.2.6) and (3.2.3) in AG 263).
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Figure (11.2.7) shows the absolute change in (u)l/2 caused by the rise in pressure and
should be compared with the ZPG data in fig. (11.2.4). The use of a common scaling quantity
makes it evident that the rise is surprisingly small.
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The development of the few FP0 profiles of u- measured by Dussauge & Gaviglio (1986) is
shown in figure (11.2.8). Compared with figure (11.2.3) the ZPG profile (0108) reaches the
a-e peak value, (u

7
/uf.'ns s 2.2. The remaining three distributions display much scatter

but show distinctly the umping influence of the FPO on the turbulence structure. There are
no comparable measurements except three profiles measured by Kussoy at al. (CAT702S) in a
boundary layer with flow acceleration downstream of a severe pressure rise.

Profile M6  Re6 uI' X M
M  

CAT 86021

018 1 5A 2 16 221.6 24 64 .31 3 Profile x mm OKa0120 24 12 89

0 1 21 2o 63 98 0108 - 5 285

T 0114 .31 3 281
2 

. . . 0120 895 282
0121 98 281

10

12 is

I5 102 2 5 10 5 102 2 5 101

yuIv. yu,/V. -

Fig. 11.2.8 Distributions of the specific Fig. 11.2.9 Distributions of the intensity
Reynolds normal stress in a of the temperature fluctuation
compressible boundary layer in a compressible boundary
with a rapid expansion. (origin layer with a rapid expansion.
not defined, adiabatic wall, (origin not defined, adiabatic
ur from Chew (1978)). wall).
Dussauge & Gaviglio (1986). Dussauge & Gaviglio (1986).

Intensity of the temperature fluctuations

These are the only measurements known to us where distributions of the temperature fluctuation
intensity in a favourable pressure gradient have been obtained (fig. 11.2.9). The ZPG profile
(0108) say be compared with that measured by Kistler (58030101 fig. 3.4.2, AG 263) which shows
a qualitatively similar behaviour. Compared with the ZPG profile we notice the same damping
influence as in figure (11.2.8).

Curved ramp flows

As in chapter 10 we discuss first the influence of the curved ramp on the turbulence field
before we discuss shock/boundary-layer interactions. The turbulence measurements were performed
by Jayaram et al. (1987) using the respective mean flow profiles of Taylor (1984) (cf. section
(10.2) and table (10.2.1)). The respective distributions of static pressure and wall shear
stress in streamwise direction may be found in figure (10.2.1). A comparison with the APO flow
of Fernando & Smits (fig. 11.2.1) reveals that this flow and the first two compression-surface
flows (870201/03T) and (870202/04T) reach about the same overall pressure level only at
different downstream positions. These three flows may therefore be interesting test cases for
numerical computations. The aaximum values of the specific Reynolds normal stress were made
dimensionless by the ZPG upstream value of the skin-friction velocity urre; and plotted
against x in figure (11.2.10). The distributions of Cu 

2
)ass/uree reflect the influence of

the pressure distribution in the stream direction. There is little difference in the value of
the "absolute" maximum nor in its x-position for cases 860101T and 870203T. Since the
curvature of case 870204T is smaller then that of 870203T, the absolute maximum is r
further downstream. In none of these cases separation was observed.

Profiles 0303 to 0311 (fig. 11.2.11) show the development of (W u'/Q. u?) along one of the
reap flows. Station 03 is upstream of the start of the APO and at 05 the compression has yet
to spread significantly up into the boundary layer, so the profiles are similar to those in
figure (11.2.2). At 06 the compression has reached about 61/2, and the profile is showing an
APt reaction. The curvature ceases at x = 35.4 a but the compression continues to propagate
in the outer part of the boundary layer, finally ceasing before 09. The turbulence levels
continue to increase until a fall appears within the layer for the last station 0311. The
maximum value of (V u''/p5 u#) is approximately 8 for profile 0309, about three times the
"measured" ZPG maximum value and about the ame as for the reflected wave came presented in
figure (11.2.5). Again we note that the minimum value of y+ is about 1400 which is ver high.
Without taking into account the variation of the density across the boundary layer (u'2/u)
increases by a factor of 4 (fig. 11.2.12). Such a plot is needed for comparison with
measurements, e.g. obtained by LDA, where no density distributions were obtained.
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Fig. 11.2-10 Distributions of the maxima of the specific Reynolds normal stress in a
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with a recovery section (T./T r X 1. 10, origin not defined). Fernando & Smith
(1986), Jayaram et al. (1987).
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2 ---- . -, - origi efin ed, c from Preston tube).
U 2 25. M.29 " Jayara tet a l. (1987).

10 2 5 101 2 5 10 2
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,0 On the less acutely curved rmp

CAT 8702 T 1 (870202/04T, mesw flow 840102T) the
....1 changes occur more gradually, the

Prl x' WO I curvature ending between stations 10 and
8 P0o0 -1 9. 1- - 13. The peak values are about the same

°0103 -127 223 20 239 (compare fig. 11.2.11 and fig. 11.2.13),
o .00 .127 22 239 -p -h- and again the start of the relaxation can

6 040 127 203 332 -- be seen in the last profiles. Figure

-04113 203.2 19 3 42 - T - (11.2.14) shows the distributions of251 20 1.27 r (u' 2/%4) for comparison. It would be
_ -- 0415 251 200 427 important to know the distributions of

P 0.4 17 3175 206 1.19 " the other two components V v'
2 
and l w'

1 2

2. Y 10- in order to prove the expected large
2..M 6 -29 * anisotropy of the turbulence structure.

3 "- The latter two components were not
2measured in this experiment but the data

2 * of Kussoy at al. (1978) (AG 263, figs.
1-+3.2.4 and 3.2.5) allow an estimate. The

_ _ _ _ ratio between the maximum values of the
three components lu'

1
, lw'

1
, and lv'

2

10 2 5 2o2 shown there is about 14:4:3 (see also ch.

5 for possible effects of bandidth).

Fig. 11.2.13 Distributions of the Reynolds normal stress in a compressible boundary layer
along a concave compression surface with a recovery section (Tm/T, a 1.10,

origin not defined). Jayaras et al. (1987).

CAT 8702 T

Profile

6- 0403 .
04.05

5 0407
• 0410 " Fig. 11.2.14

, 0415 -, - Distributions of the specific Reynolds
0417 normal'stress in a compressible boundary

3 c - - + layer along a concave compression surface

with a recovery section (T./Tr z 1.10,
2'- ' iorigin not defined). Jayaram et al. (1987).

0
10
2  

2 5 t0, 2 5 t' 2
yu,/v'

2 -Larger pressure changes were generated in
CAT 8702 T the 16* curved-rep flows where some

p .10' u,
18 .. - Profile x mm Nn

2 
M
S  

M6 turbulence data were measured by Donovan &

00501 -63 5 2 29 22 7 2 88 Smits (1987). For a comparison which avoids
16 . 0507 152.0 6 62 18 4 - the measured skin-friction values, u' 2 is

0511 254,0 6.87 203 2 11 plotted against y in figure (11.2.15).
14 Comparing (11.2.15) with (11.2.7) shows

00 0 that the level of (uh)1/2 increases by at
1 0 least 50% if the angle of the compression

0 corner is changed from 8* to 16', the APG
10 --, --.... reflected wave case and the 8" curved

compression surface being little different

S... .... ~from each other. The differences between
the thaee profiles are still more distinct

6 . .. .0000if V u a is plotted in inner-law coordinates

______ (fig. 11.2.16) but here we cannot exclude
-- _ - problems with the measurement of uT .

5 IC' 2 5 10' 2 5
y mm -

Fig. 11.2.15 Distributions of the root mean square of the fluctuating velocity u, in a

compressible boundary layer long a concave compression surface with a recovery
section (TO/Tr a 1.10, origin not defined, ui5 f = 519.6 ma-I). Donovan & Smits
(1987).
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* CAT 6702 T2'S
26

Proie X mm M0

24 o 0501 -635 2 68
. 0507 152 0

22 . 0511 254.0 2 14

20---

1_ 6 - - Fig. 11.2.16

Distributions of the Reynolds normal stress in

a compressible boundary layer aloag a concave
compression surface with a recovery section

12 - -- - -- (T/Tr a 1.10, origin not defined, cf from
Preston tube). Jayarm et al. (1987).

5 10' 2 5 10, 2

yuv

Shock/boundary layer interactions

a) Compression corner flows

As was indicated in table (11.1) there are three experimental investigations of the turbulence
structure in compressible boundary layers along compression corners: Debi&ve (1983), Ardonceau
(1984), arl Muck et al. (1984, 1987). The turbulence data of Debiive is restricted in quantity,
and we present only copies of two figures from the source paper in the entry (CAT 8301 T).

We begin the discussion of the cases
CAT p.,,!.10 Nm

9  
840201 T 8- 0 82 investigated by Ardonceau and the

870102 T 8* 2 30 840202 T t3 0 83 Princeton group by presenting their
5 870103 T 160 2 17 840203 T 1W' 0 83 distributions of the wall static

870105 T 20: 2 ;7 pressure (fig. 11.2.17) with x = 0 as
o 870107 T 240 2 17 * the start of the ramp. Figures (11.2.18

* * and 11.2.19) show the development of
3 -- the maxima of the specific Reynolds

p-* * * normal stresses. The values of u'2 ,_
were made dimensionsless by ufref

2 -,' which is the measured (Princeton) or
calculated (Ardonceau) skin-friction

- ,- - velocity upstream of the shock
interaction. For the two 8* ramps
there appears to be a long plateau -

s0 100 750 despite some scatter in the data -
x mm after the almost imediate sharp

increase at the corner. Lines were
Fig. 11.2.17 Wall static pressure distributions in inserted only to indicate the trend.

compression-corner flows (nearly Since the Mach-number range of the two
adiabatic wall, origin not defined), experiments is approximately the same

and urr.f differs only by 10%, we have
no explanation for the discrepancy

between the peak levels of (u'')m,,/U~r.. which is 60%. It is unlikely that this is due to" a
Reynolds-number effect - the Reynolds numbers differ by about one order of magnitude - but
more probably due to the different measuring techniques LDA and hot-wire anemometry. These
discrepancies continue to appear in the data of the 13* (840202T) and the 16" (870103T)
compression-corner flows (fig. 11.2.19). At these higher deflection angles the trend of the

distributions is different from that of the smaller deflections -(8°)- in that ((u2)ss/u~r..}
decreases more or less linearly downstream of the peak value at the corner. Again the lines
in figure (11.2.19) serve for clarification only.
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2 " C A T R e ,- 10 '

840201T 8* 23 2 2 2- 187 041. 056
1 -- - " •870101 T 8* 211 276-243 2 -56

o

-50 0 50 100 150 200

rIg. 1.2.I Disuiibutiuzis of thp mnxima of the specific Reynolds normal stress in
compressible boundary layers along two compression surfaces (adiabatic wall,
origin not defined).

CAT a -. , ns' M, Re,, 10
-
'

. 870103 T 16- 19 60 2 85 - 2 2 3 2 - 6 4
. 870105 T 200 22 78 2 80 - 2 0 3 7 - 8 0
, 870107 T 240 22 78 2 80- 1 9 3 3 -8 6

840202 T 130 23 50 2 26 - 1 74 0 4 - 0 8
840203 1 180 22 40 2 23- 1 58 0 4 -1 0

S219 Fig. 11.2.19

•- - Distributions of the maxima of the
specific Reynolds normal stress in

___ . • ' compressible boundary layers along 5
compression surfaces (adiabatic wall,

-0 . origin not defined).

0 -

44

1'. -

-50 0 50 100 150 Ardonceau has measured both u
2

0 25 -and v and they are plotted

for the 8* and the 18* case in
figures (11.2.20 and 11.2.21).

7 For this experiment we have no

CAT 8402 T wall shear-stress measurements

6 and therefore we have made the
Profile xmm p,.10-l'N

2 
Ma R&62  data dimensionless by using a

5 -- 0101 -12 082 224 4119 reference skin-friction velocity,

6 . 0102 - 4 0.82 223 3576 calculated according to Fernholz
0103 . 4 t17 - - (1971) at a presumably ZPG

0104 .12 1.25 - position upstream of the
.. 3 - 0107 .60 145 187 - - corner. This allows at least a

(u,, = 232 ms') qualitative description of the

2 ------ f--2 data distributions, h obvious
o. observation is the anisotropy

__ -- - between the two specific
• Reynolds normal stresses which

S00 is about 4:1 in both rump flows,
to' 2 5 1? 2 t 2 4 6 10' a much greater ratio than could

yu,,o/v. - be accounted for by any error
resulting from the fact that

Fig. 11.2.20 Distributions of the specific Reynolds normal the axes for the traverse are
stress in a compressible boundary layer along aligned with the tunnel axis
a compression corner (8"), adiabatic well, and not the local surface of

origin not defined). Ardonceau (1984). the ramp.
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16
16 CAT 84.02 T

6 • •Profile x mm p,10"-
l
'1I M , Re6,

14 - ' 0301 -20 0 90 2 23 3844
* 0302 -12 1 42 - -

12 * 0302-4 1 51 -
* 0305 .12 1 85

10 * 0307 .36 2 16 Fig. 11.2.21
,i u 22 38 V2s) u Distributions of the specific

8 2238Reynolds normal stress in a

compressible boundary layer
6 ,along a compression corner

0 (18*), (adiabatic wall,
4 " * "" origin not defined). Ardonceau

2 (1984).

102 2 5 103 2 102 2 4 6 103 2

i Figure (11.2.22) displays the development of the
305 u CAT maxima of the two specific Reynolds normal stress

20 mU_ components u'
2 

and v
2 

for the 8% 1 3C and 18

°

ramp flows. For the 8 case the absolute peaks
. 13 840201 T 25 for u

2
a.x and v' 2M X occur at about x = + 4 =a r 840202 with u .,5 forming a long plateau up to about1"I80 2 40 - and v' 2.. falling fast to its initial

value upstream of the shock.- The 13" rasp flow
shows the peak value for v 

2
maxu_.pstream of

12- - the corner (x = -4 m) and for u' sx at x z +
36 mm. Finally, for the 18* ramp the peak for
7-2.x is at x = + 20 m and for u'z ,ax
upstream of the corner, indicating a strong

8 - upstream effect of the shock, possibly via the
separation region. Some part of this may be a

-result of shock oscillation. As in the 8* case,
7- u.x forms a plateau, though shorter, for the

4 18
° 

ramp flow. In summary (cf. figures 11.2.18,
11.2.19 and 11.2.22), both the shape of the

0 - u' sMAx and v' * distributions and the magnitude
•a I * and position of their absolute maximum are

j _ important for an interpretation of shock/
-20 0 20 40 60 boundary-layer interactions.

Fig. 11.2.22 Development of the maxima of specific Reynolds normal stresses in compressible
boundary layers along 3 compression corners. Ardonceau (1984).

In order to complete the documentation of the Reynoldsnormal stress measurements, figures
(11.2.23 to 11.2.25) display the Princeton data of V u' 

2 
for the 8*, 161 and 20* ramp flows.

They are made dimensionless by the respective measured skin-friction velocities for which we
have no error bounds (cf. chapter 9) and should thus only be regarded as qualitative. Note
the change from linear to logarithmic scale for the ordinate in figures (11.2.23 and 24).
The three cases have in common that the absolute maxima are upstream of the pressure maximum -
an in all other flows with an APO - and that the position yemg. of the profile peak value
moves away from the wall as long ams the pressure is rising. The enormous increase of the
absolute maximum rising from the Be to the 20' case by a factor of about 30 is also due to
the fall of uT. Therefore plots of (u7/ujr.;) as in figures (11.2.18,19 and 22) give a more
realistic picture of the influence of the shock structure on the turbulence. There are no
v' 

2
-profiles provided by the Princeton group and u' v'-profiles will be discussed below.

Iml lllll l IIIU I



- ___ Fig. 11.2.23
I , Distributions of the Reynolds normal

stress in a compressible boundary layer
-- along a compression corner (8*). (T./T,r

A.'4 4- a 1.10, origin not defined), cf fromPofilCAT 8701T o Preston tube). Muck et al. (1987).
3 -Profile xmm p.- 10N *u6 u 8 i

o0102 -25.4 230 21,3 o=

0 0106 0 3 15 16 2 °

2 0107 5.1 3.38 16/.
* 0109 15.2 3.50 17.7

011. L.5.7 3.80 189
1 0116 660 391 192-

v 0123 1524 /.05 20,0
0 ,
10, 2 5 103 2 5 10,

'  
2

yuv. -

5 ! I CAT 8701 T
pr 10

"
m u 2U CAT 8701 T

2Profile x mm Nr
-  

mg 2 -f p.-10
- 

u,

o0301 -50 8 266 196 Profile xem NM M,'
303 -6 63 21 2 156003 0501 -508 217 2280[o030. 0 391 8.0

10305 63 . 80 10 , .0505 . 3 9 5 07 . 2
5 -03 . 5 3 8 05 0506 12 7 5 83 7 9

0 0310 50 8 6 20 15.6 I * 0508 95 1 7 29 12 1
5 . . . .-. . •0313 139.7 5 89 19.3 2 [ " 0511 95 2 7 87 16 1

0 ,102'2(

5

22

100

12 2 5 , 2 5 le 2 10' 2 5 10' 2 5 10' 2 S 101
5, /V. Y '/'Iv. .

Fig. 11.2.24 Distributions of the Reynolds Fig. 11.2.25 Distributions of the Reynolds
normal stress in a compressible normal stress in a compressible
boundary layer along a boundary layer along a
compression corner (16"). compression corner (20-).
(Tm/Tr x 1.10, origin not (T5/Tr z 1.10, origin not

defined, cf from Preston tube). defined, cf from Preston tube).
Muck et al. (1987). Muck et al. (1987).
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b h Quasi-normal shock interactions
When it comes to turbulence measurements only two of the three experimental investigations
mentioned in chapter 10.4 remain. The ONERA group (cf. table 11.1) measured u', v' and u'v'
using laser-Doppler anemometry. Neither mean density profiles nor skin-friction data were
given. There are four cases altogether, D6lery et al. (CAT 8002T) one and Copy & Reisz
(CAT 8003T) three. Two cases of the latter investigation wil be discussed in more detail.

Figure (11.2.26) presents the distributions

CAT 8002t Tof the wall static pressure, (u
-  )...,

125 - (v)..., and J-u'v'I... in x-direction,125- J1,71/U2 tj_ 1O.the latter three quantities made
dimensionless by a common value of uinf

* l[v )/u
2~4,Jm0 

" 0"
as no upstream value of uT could be

0o j _-,/u2, .calculated due to incomplete information.
Since three components of the specific

* P,,/P, 270 - Reynolds stress tensor were available, we
have included u'v' in the following

- - discussion. Apart from the rather mild
P._. static pressure rise in stream direction,
P-.., which is deceptive as the greater part of

5 ~ the pressure change has taken place
upstream (see entry CAT 8002T), one
should notice the anisotropy of the

4 ,t ' -"turbulence field resulting.in a maximum
2- * . value of the ratio (u'

2
/v'

2
),a of about

* 4. There is little difference in the
* " value of the peaks of ( and

0 .- u'v'j g.., but I-uv' I. decays faster
270 300 350 400 450 500 550 in stremrwise direction, having a value

X MM - of about 60% of that of (v2).._ In the

notation for x used here, the first leg
Fig. 11.2.26 Development of the wall static of the shock is at about 260 m from the

pressure and of the maxima of the start of the bump (x = 0), the second leg
specific Reynolds normal and shear at about 286 am, and reattachment at
stresses of a compressible boundary about x = 325 ma. At this latter position
layer with a shock interaction we notice the sudden fall of u1

2 
and the

(adiabatic wall, origin not slower decrease of 1--rv' [.
defined, ujnf = 296.8 ms-).
D6lery at al. (1980).

The next two cases (Copy & Reisz, 1980) differ in that there was no separation for series 01
and 02 (the latter is not discussed here) but

CAT 8003 T for series 03 over, approximately, the range
195 < x < 240 ms (authors). Figure (11.2.27)

S -- - o [(u}/u
2 
,, 'lO

"  
presents the equivalent quantities to those in

oi
°  

. , fig. (11.2.26). Measurements started, however,0  
upstream of the wall pressure minimum, thus

o [-1J /u
2
.l,]. -10"2 ,.. displaying a more realistic wall-pressure

distribution. The authors give the shock
3....-----------.-- . position at x = 128 m but the shock influence

begins to show at about x = 120 = with the
sharp increase of all turbulence quantities,
especially of u' 2, which reaches its absolute

peak at x = 130 am with an increase of more then
2 -----.- - - -- a factor 5. The ratio of the two Reynolds normal

. * , . * * . stresses is again about 4 with the absolutesk
, of v'2 downstream (x = 155 am) of that of u

'
.

,d, We have no exalanation for the aost identical

I o values of (v*
2

)m5 5 and 1iuv Iss,, in series 01.... -- --- and 03 (fig. 11.2.28) which differ from the
X'.., •distributions shown in fig. (11.2.26). For series

. ' ! , ,03 (fig. 11.2.28) the pressure increase is
Or.' i larger then in 01, resulting in a reverse-flow

01 L__ _ region and in about 20% higher values of
tOO 150 00 250 300 (u' 2 Other flow features are similar to

X r"m those of series 01.

Fig. 11.2.27 Development of the wall static pressure and of the maxima of the specific
Reynolds normal and shear stresses of a compressible boundary layer with a
shock interaction (adiabatic wall, origin not defined, uj

f 
= 255.2 ma).

Copy & Reism (190).
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20
CAT B003 T

o I( )/u2, ,I . 1o" i

-~L~ tJ~hl2.io".1Oj.. Fig. 11.2.28

Development of the wall static pressure and
of the maxima of the specific Reynolds
normal and shear stresses of a compressible

so- _ a - 2 boundary layer with shock interaction
---w " " ' (adiabatic wall, origin not defined,

I g :, P* uj,( 257.9 as-'). Copy & Reisz (1980).

150 zoo 250 300 350

11.3. Reynolds shear stress

Table 11.1 contains a list of the available Reynolds shear-stress measurements. There are no
data for the ZPO or the APO reflected wave case (they only available on the data tape) and so
we begin our discussion with the data along the two 8* curved compression surfaces of Jayaram
et el. (CAT 8702T).

CAT a u M, ' P47 Re 7 -l0
"

2 - - "87020? T 8 22 12 2 9 -2 5 3 7- 59

870202 T S0 22 53 2 9 - 2 4 3 4 - 5 8
-8701027 T98 21 75 2- 2 4 2 4-58

0
0 50 100 150 200 250 300

x mm

Fig, 11.3.1 Distributions of the maxima of the specific Reynolds shear stress in a
compressible boundary layer along 3 compression surfaces with different concave
curvature at the beginning (Tw/Tr a 1.10, origin not defined). Jayaram et al.
(1987), Muck et al. (1987).

Figure (11.3.1) presents the distributions of the maximum specific Reynolds shear-stress
value made dimensionless by the skin-friction velocity in the ZPG region upstream of the
compression surface. The latter differ by the radius of curvature (for the geometry see
CAT8401T), and the flow with the smaller radius of curvature followed by a flat section shows
the sharper rise in I-u-v J.M . For a comparison we have plotted also the data for the 8'
corner flow of Muck et al. (CAT 870104T). The increase of the specific maximum Reynolds shear
stress follows closely that of the flow with the small radius of curvature indicating that
the rate of curvature does not affect the flow much in this case. Figures (11.3.2 to 11.3.5)
display the distributions of the Reynolds shear stress and J-uv'i without the influence of
the density for the two 8" compression surfaces. Again ur was measured by the Preston-tube
method, the deficiencies of which are discussed in chapter 9.2.4. We find a behaviour very
similar to incompressible APN boundary layers with an increase of -u' vi and a shift of the
profile maximum towards the edge of the boundary layer in the region with rising wall static
pressure (e.g. figure 11.3.2). If the pressure falls, the magnitude of the maximum decreases
and its position moves away from the boundary layer edge (fig. 11.3.4). As we have seen in
figure (11.3.1) the absolute peak is higher for the faster pressure rise of case 1.
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CAT 8702 T p.I ' 1
Profil x mm ur ms

- 
Nm"

o 0103 -12 7 22 1 2 33
* 0105 .12 7 20 2 2 69
.0106 25 4 19 0 3 12

3 - 0107 508 19 1 3 64
0109 114 3 19 6 4 03

v 0111 1778 19 7 4 12 v
2.5Ms29 Fig. 11.3.2

Mean velocity profiles from

CAT 811OT Distributions of the Reynolds shear
stress in a compressible boundary layer

-p o'tK o~ ' * valong a concave compression surface with
2 l a8 recovery section.(T./Tr x .I0, origin

Snot defined, cf from Preston tube.)

,. Jayaram et al. (1987).

-- To. V I

102 2 5 2 5 10' 2

yulIv.

CAT 8702 T
Profile u, ms"
0103 22 1

* 0105 20 2
0106 19 0

2 - 0107 19 1 Fig. 11.3.3o 0109 19 6
* 0111 19 7 " Distributions of the specific Reynolds

-uv Mean velocity profiles t shear stress in a compressible boundary

from CAT 840101T 0 0 ",. layer along a concave compression surface
,. with a recovery section. (T./Tr 9 1.10,

S*origin not defined, cf from Preston tube.)
,Jayaran et al. (1987).

0
102 2 5 10" 2 5 10' 2

yut/v.

CAT 8702 T
Profile x mm umi' p.-IN Mm

v0203 -12 7 22 5 2 31
* 0205 .12 7 22 6 2 39
r0207 50 8 21 8 2 66

3 0 0210 127 0 20 9 3 32 - , Fig. 11.3.4
0213 203 2 19 4 4 23
0215 254 0 20 2 4 27 Distributions of the Reynolds shear

25 - 0217 317 5 210 1.20 stress in a compressible boundary layer
24 0 29 V along a concave compression surface with

Mean velocity profiles from a : recovery section. (Tw/Tr a 1.10, origin2 CAT 840102 T t not defined, c from Preston tube.)
% J3 yaramet al. (1987).

00 2

10 0 0
- ~ ~ ~ ~ ~ ~ ~ ~ u /V " i i lJi
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CAT 8702 TL ,- - 1
18 - ,

Profile X MM

16 o 0103 -12 7 v-1 -

* 0105 12 7
0106 25 4

* 0107 50 8 Fig. 11.3.5t 2 01O09 114 3 ~. - .-
1 0111 177 8 Distributions of the specific

10- Reynolds shear stress in a

- . 10 U compressible boundary layer along a
' - concave compression surface with a

recovery section. (Tw/Tr 9 1.10v
6--- origin not defined.) Jayaram et a1.

I _ (1967).

2. . --- . -

10
-
1 2 5 10, 2 5 101 2 5

Figure (11.3.6) displays the maximu. of

CAT the specific Reynolds shear stress

7 8 , against streamwise distance x /corner at
7 * . 870102 x 8 0) for four compression corner flows

870104 T 16* and should be seen in connection with
8 670106 T 200 '6 figure (11.2.19) for thesecific

• 840203 T 180 LDA Reynolds normal stress (u' 2)*,x. With

6 the exception of Ardonceau's data which
lines ore for only show the sharp increase due to the

2-- clarification only shock system, the other data

(Princeton's) indicate a jump, a plateau,
_-___.__ and a decrease, with peek values rising

, • " with the ramp angle. This type of

2 - distribution differs from that of the
u 

2
-data which decrease about linearly

downstream of the absolute maximum (fig.
11.2.19). Such a behaviour could indicate

____- that u'v'-containing structures change

more slowly for flows at ramp angles
larger than_8'. For the 8" degree case
u'v' and u 2 

(fig. 11.2.18) show a
qualitatively similar behaviour. We have

again no explanation why data for

0 comparable ramp angles differ between
-50 0 50 100 150 Ardonceau and Muck et al. and guess that

x mm - the discrepancies, especially near the
corner, are due to the different

Fig. 11.3.6 Distributions of the maxima of the experimental techniques. Figures (11.3.7

specific Reynolds shear stress in to 11.3.9) present the dimensionless
compressible boundary layers along Reynolds shear stress for the 8, 16'
4 compression surfaces (adiabatic and 20' compression corner flows,
wall, origin not defined). Muck respectively. Note that both (Q., ul) and
at al. (1987), Ardonceau (1984). I- uv'I change with x.

For the quasi-normal shock interaction there are four cases where I-- I was measured and
for which the distribution of I-u'v se,/uli.f has been shown in figure (11.2.26). Figures
(11.3.10) to (11.3.12) display the specific Reynolds shear stress for series 01 of D~lery

et al. (CAT 8002T) and for series 01 and 03 of Copy & Reisz (CAT 8003T). These distributions
are detailed and provide a sequence of so many profiles that they ere especially suited for a
comparison with numerical calculations.



1 1-16

CAT 8701 T
Profle x mm p -IONrn' ut mns"

o 0201 -5086 2 30 21 75
. 0202 .20 2 3 57 18 20
. 0203 .30 / 3 61 is898

3 - 0205 101 6 3 98 20 21
*0206 152 4 4.05 20 50

I T Fig. 11.3.7

2- Distributions of the Reynolds shear
I stress in a compressible boundary layer

~ * * ~ along a compression corner (8').
* (T,/T, s 1.10, origin not defined, cf

from Preston tube.) Muck et al. (1987).

oL A

101 5 13 2 5 10' 2

8 1/v

CAT 8701 T L
Profile x mm Nmna u~ms'

6.. 0401 -50 8 2 66 19 96 4- -
. 0403 t127 5 18 12 78

5.'0404 -25 4 5 57 14 78
~.0405 .50 8 6 20 16 03Fi.13.
4 v0408 139 7 5 89 1 92 71__i Fig 11.3.8--

I-f oel Distributions of the Reynolds shear

p.U2--------- stress in acopressible boundary layer

aln aCopesincrer(6)

from Preston-i.,-Muck et al (1987).

01 I
10 2 5 10 2 5 10 2

2 *.

10 o--.
* Fig. 11.3.9

* Distributions of the Reynolds shear

along a compression corner (20*).
2(T./T,,a11,oii o deind Cf

__ from Preston tube.) Muck et al. (1987).

08001 -50 8 2 17 22 9
0603 127 5 83 7 9

2 0604 25 4 6 60 1 0 9-
006 S,71 75'0 1 39

0609 1t/.3 80 3 614

t, 2 5 t0, 2 5 10' 2
yulv.
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Figure (11.3.10) presents four profiles,
the first (0101) and the last (0128)

2 measured the rofile with the absolute
peak of r-uvj (0108), and one in the

t region where the absolute peak decreases
but where its position still moves

--. ...-
4

.itowards the edge of the boundary layer.
The reader should remember that the first

2 _profiles in each of the subsequent
figures is close to or just downstream

'10, of the shock structure, a fact which
-- 0, results in a very high absolute peak

u CAT 8002 T p.10., ---4--- value (note the logarithmic scale of the
Profile xrm Nmordinate). A more detailed sequence of

2 0101 270 4profiles is shown in figure (11.3.11)
0108 305 4 78 for the case with the mildest shock
0118 380 5 76 v interaction out of the 4 ONERA experiments.

o
0  

0128 540 4 95 The trend of the data is very such theu_, 296 ! ms:'i
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Figure (11.3.12) shows 3 characteristic profiles of series 03. Here the boundary layer
separates and reattaches and it is therefore not surprising that the profile upstream of the
shock (0301) and the peak profile (0311) differ by a factor 10. The variations of I-uv'I in
the outer part of profile (0301) are probably due to the shock/ boundary-layer interaction.

The ratio "a" of Reynolds shear stress and turbulent kinetic energy

Klebanoff (1955) noted "that in the range of y/6 = 0.1 to y/6 = 0.8 the ratio of shear stress
to turbulent energy is approximately constant". This statement concerned a two-dimensional
ZPG incompressible turbulent boundary layer but has since been used for turbulence models in
flows, both compressible and incompressible, with and without pressure gradients. Johnson &
King (1985), for example, who present a "mathematically simple turbulence closure model for
attached and separated turbulent boundary layers" assume the structure parameter I-u-' j./k.
to be constant and equal to 0.25. Here k. denotes the maximum of the turbulel . kinetic energy.

Unfortunately none of the experiments available to us provides all the Reynolds normal and
shear stresses to check this assumption. At best we have -u'v', u'2, and v'

2 
which we have

used to form a modified structure parameter

a2 =u' 2 + V' 2

Dilery & Marvin (1986) have suggested that the missing term w be substituted by 0.5 (u1 -+
v'

2
). We do not think this to be correct for shock/ boundary layer interactions which show a

strong anisotropy between u' and v' and probably also for w'.

Figures (11.3.13 and 14) present distributions of a12 against the normal distance to the
wall y for two compressible boundary layers with shock interaction (lines were inserted for
clarity only). If w'

2 
were known, the value for a123 would be smaller than for a1 2 and, in

the mean, below 0.20. In addition, the distributions show clearly that the structure parameter
is not constant across a compressible boundary layer with a shock interaction, i.e. with an
adversepressure gradient. Smits & Muck (1987) made similar observations in discussing the
ratio -u' v' / u' 2 but show much smoother distributions (measured by hot-wire anemometry) than
those obtained by LDA as presented in figures (11.3.13 and 14). Townsend (1976) compared the
distributions of &123 for two APG incompressible boundary layers with the ZPG case and found
an increase of a12 3 from 0.08 to about 0.16 at y/6 m 0.8 followed by a sharp decrease towards
the edge of the boundary layer. This trend differs again from those shown above and from
those presented by Smits & Muck (1987).
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12. THE ENTRIES

12.1. Introduction

In preparing the first volume of this series, AG 223, we imposed certain restrictions on the
flows considered as candidates for an entry. These were that the flow should be nominally
two-dimensional, that the Mach nuer be high enough for the effects of compressibility to
be significant, that the Reynolds number be high enough for at least some part of the flow
to be recognisably turbulent, that there be no flow through the surface on which the boundary
layer was formed, and that there be no discontinuities in the mean flow property profiles.
We also required, as a general principle, that the information supplied must include profiles
normal to the surface and that the principal part of the data be presented in tabular form.

This fourth volume contains 12 further entries and the data presentation follows the same
pattern as for AG 263 (for an explanation of the numbering system see ch. 9). We have, however,
included more cases in which shock waves impinge on and interact with a boundary layer, and
inevitably many of the profiles in such flows incorporate what should be discontinuities in
the flow properties concerned. The principal comon feature of this volume in relation to AG
263 is that both mean flow and turbulence data are presented - this was not the case for AG
223. Again we have insisted on tabular data, some already published, but the majority was
obtained on tapes as private communication. These tabular data have been prepared in a
standard form, and samples appear as part of the entries. There is a full discussion of the
planning and layout of an entry in AG 223, so that we only repeat the main points here. An
entry is composed of four sections, A-D:

Section A This provides a description of the experiment in a standard format, and predominantly
in a standard sequence. The description is keyed to a fixed set of topics indicated by numbers
in the left hand margin. They may appear in any order, or be repeated if a topic recurs. The
topics are

1. Description of test section

2. Flow quality

3. Observations of transition and tripping devices (trips)

4. Upstream history of the test boundary layer

5. Measures taken to test for, or ensure, two-dimensional flow

6. Measurements at the test-surface (wall measurements)

7. Probes used for boundary-layer traverses

8. Relative positions of measurement stations

9. Authors' interpolation procedure and assumptions

10. Corrections to the profile data

11. Viscosity law assumed by the authors

12. Editors' assumptions and interpolation procedures. Selection of data

13. Profiles presented

14. Wall data presented

3 Data summary

16. Editors' comments.

The topics marked 1-11 provides a description in which, so far as possible, we have restricted
ourselves to statements which were verifiable either in the published reports or by correspondence
with the authors. At various points, however, we have filled out the verifiable facts by an
estimate or interpretation. Where this has happened we have inserted a marker (E). The end of
the description, marked 12-14, describes the measures we found necessary in processing the
data and is followed by (I Data) a brief data sumary which states what was in fact measured,
in contrast to data which are deduced from the measurements. In § 15, Editors' comments, we
have introduced our own interpretation and comment. These cosments are supplemented by those
in chapters 9, 10 and 11, either in general or particular. Chapters 10 and 11 deal with the
mean flow and turbulence data, respectively, including graphical treatment.

Section 3, the "gopfdaten", contains tables of the principal boundary conditions and various
derived quantities such as integral thicknesses. The table heading for a typical entry is
shown here:

HUN MD TW/TR RED2W CF H12 H12K PW PD
X POD PW/PD RED2D CQ H32 H32K 7W TD
RZ TOD TAUW D2 P12 H42 D2K UD TR
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The list is reproduced in part at the start of this volume. Those quantities marked by a star

(*) represent the data used as input. In many cases these data would be entered directly, but

the values shown often represent the results of preliminary calculations. In particular the

D-state quantities (see AG 253 § 7.1 and chapter 9 of this volume) are often derived indirectly

from the profile data. The stars indicate therefore the quantities which are, functionally,

the independent variables rather than those which were directly available as numbers for

processing. A good example is the wall shear stress TAUW. Data are usually presented in the

form of a skin-friction coefficient CF. This quantity depends, in addition to the shear
stress, on the reference values used in its formation, the D-state density and velocity. Many

of the flows considered here have strong normal pressure gradients, so that the possible

D-state properties are quite rapidly varying functions of the Y-value chosen to specify the

boundary-layer edge. We have adopted the practice, therefore, of reducing authors' CF input

data to TAUW values for use as program input, since we are then free to try various different

D-states if we think 4t proper without having to consciously CuALeCt the normalization of (,F.

For this reason a CF value in our tables may well differ from that given by the original

author. In this, and in many other features, our selection of a D-state, however carefully

considered, may be ill advised. We hope however that it is self-consistent, so that the

essential data may be recovered, and, at need, represented in a form better suited to the

user's prejudices.

Section C, mean-profile tables, provides a selection from the available profile data. In an

attempt to reduce the number of printed pages, the amount of space alloted to this section

in this volume is significantly less than in AG 223. Readers will therefore need to have

recourse to the computer tape data base (see the introduction to this volume).

I Y PT2/P P/PD TO/TOD M/MD U/UD T/Th R*U/RD*UD

The presentation is as in AG 223 save that for layout reasons the last column of data RHO*U/

RHOD*UD has been relabelled R*U/RD*UD. At the foot of each profile is a statement of the

input used to construct the profile. As for the "Kopfdaten" tables of section B, quite often

the data available to us did not directly fit cur scheme of presentation. The boundary-layer

edge state chosen or accepted by the editors is marked by the letter D. We have made clear in
§ 7 of AG 253 that this selection is essentially arbitrary. In using the information it is

important to recognise that the scaled dimensionless information offered, while in principle
more universal, is in fact critically dependent on the choice of the scaling quantity used.
Thus it is the pressure, velocity, or shear stress rather than the pressure ratio, velocity

ratio or shear-stress coefficient which represents the data entered to the catalogue. The

dimensionless quantities are convenient, but coloured by the scaling process.

Section D supplies a miscellany of supplementary data. Of its very nature this does not fit

the standard profile-based scheme. Typically, in AG 223, AG 263, and this volume, we present

such information as wall-shear stress, temperature, or pressure distributions which have not

been interpolated to the profile stations. Often far more detail is available, in terms of a

streamwise distribution, for these quantities than for profile-derived data. We also present,

at times, a selection of turbulence data. After due consideration we decided not to attempt a

complete presentation of these data in the entries, since in certain cases this could run to

many pages of tables. Nearly all the data available to us however appear in the magnetic tape

data base.

Turbulence data present their own special problems and a presentation appropriate to the
needs of research workers in turbulence modelling may well not fit that which allows an exact
description of experimental results. It would, in general, be desirable to describe data in

terms of "outer law" based quantities. The length scale in particular is usually so badly

defined that it is in no way possible to arrange any comprehensive presentation in terms of

"boundary-layer thickness" which has any generally agreed meaning. In contrast, the "wall
values" are always well defined, if not always accurately measured. We have therefore, where

possible, scaled all turbulence data on representative "wall values" RHOW, TAUW, UTAUW, TW

etc.. This may not be physically appropriate but does not compromise the accuracy of the

original data. The choice of "outer-region scaling" is then open to the user.

The table heading for a typical entry may look like

Y U' V' W' RHO*U'V' RHO'U' RRO'V' RO.W' RO*U' V RHO*V' T

UT UT UT RHOW*UT2 RHOW*UT RROW*UT RHOW*UT RHOW*UT*TW RHOW*UT*7W

We then give the profiles. For "single-component" terms these are the root mean square values

of the quantity in question. For two-component or correlation terms they are the time means.

Thus:

U' T' [-J RHO U' T Qu) J'j RHOW*U'V [ RHOU TO,

UT fu irJ! TW T. IUM*Tu7, QH*U'2TQuT]UT0WU TMU2 W*T
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Pagination. The description of an entry above implies a sequence of sections A-B-C-D. In the

interest of saving pages, we have mixed sections freely according to convenience. An entry

will always start as a right hand page - which will be numbered xxxx-A-1. The page nmbers

which follow may well be mixed - as for example in AG 223 72 04-A-2/B-1 which contains part

of section A and part of section B.

While A, B and C will usually be in sequence, supplementary information from section D may

well be attached to any page of any other section.

i) LIST OF ABBREVIATIONS

APG - adverse pressure gradient

AW - adiabatic wall

CC - constant current

CCF - compression-corner flow

CCP - cone-cylinder static pressure probe

CPP - circular Pitot probe

CSF - compression-surface flow

CT - constant temperature

D - D-state is the nominal boundary-layer edge state

E - estimated by editors

ECP - equilibrium cone probe

FEB - floating element balance

FPG - favourable pressure gradient

FPP flattened Pitot probe

FWP - fine wire probe

H - height of the test section

HT - heat transfer

HWP hot-wire probe

HUT - moderate heat transfer

NA - not available

NC - not computed

NM - not measured

NPG normal pressure gradient

NX number of X-stations

PC private communication

QNS - quasi-normal shock

q.v. - quid vide

RUN - full 8-digit identification of the profile

RW - reflected wave

SH - severe heat transfer

SPP static pressure probe

STP - static temperature probe

SW - simple wave

TPP - total pressure probe

TTP - total temperature probe

VPO - variable pressure gradient

W - width of the test wall

ZPG - zero pressure gradient
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Probe dimensions

d, - outside diameter

d2 - inside diameter

h, - overall height of face

h2 - height of opening

b, - overall width

b 2  - width of opening

I - length of slender portion

a - cone semi-angle

ii) GRAPHICAL PRESENTATION OF PROFILE DATA

Selected profile data from the sources below may be found in the figures listed.

Mean flow profiles and turbulence profiles

Source "Inner" - Velocity - "Outer" Turbulence

7904 10.3.8-9, 11-12 10.3.10 See 8701

8002 11.2.26, 11.3.10

8003 10.4.3-4 10.4.5 11.2.27-28
11.3.11-12

8301 10.3.1 10.3.2

8401 10.2.2-4, 7 10.2.5-6 See 8702

8402 10.3.3-4 10.3.5 11.2.20-22

11.3.6, 11.3.13-14

8501 10.4.6-7 10.4.8

8601 10.1.4 10.1.3 11.2.5-7

8602 10.1.5 10.1.6 11.2.8-9

8603 10.1.1 10.1.2 11.2.2-4

8701 See 7904 11.2.19, 23-25

11.3.6-9

8702 See 8401 11.2.11-16

11.3.1-5

LPROPERTIES OF THE WORKING GAS, RECOVERY FACTORS

In data processing we have treated the working fluid as a perfect gas with constant specific
heats.

The perfect gas properties assumed are:

Gas: air

Gas constant R in M
2
/s

2 
K: 287.1387

Specific heat ratio y: 1.40

The transport properties were calculated after Keyes (1952, see AGARDograph 223) for the
diatomic gases (minor constituents of air being ignored).

For the diatomic gases the expression

M 10
- 6 

a 2 T
I / 2  

SM
p= T-I ./ NS/s1

1+ aT 10- 1/T

was used, where the constants and the range of validity are given as



I . .
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a, a at range of validity

air: 1.488 122.1 5 79 ( T/X < 1845

$ At present it is not possible to state a recovery factor with enough confidence to take
account of upstream history effects, boundary conditions or other flow parameters. We have
therefore chosen to use for all experiments a recovery factor r of 0.896, though this does
not imply that we necessarily believe that there will be no heat transfer at a well which is
at the recovery temperature calculated using this. The numerical value represents the cube
root of the Prandtl number for air, though a true recovery factor, if it could be defined,
would of necessity be in some way a function of the shear stress distribution across the
boundary layer, i.e. of the turbulence structure.

f
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M: 2.89 upstream 7904
R Theta x l0-3: 80

f 1.11 CCF
Blowdown tunnel with symetrical contoured nozzle. Max. running time "several

minutes", normally 60 seconds. W = H = 0.203 - L up to 2.7 a.

P0: 0.69 MN/a'. TO: 265 K (+/- 6%). Air. Be/= x 10-6: 63.

SETTLES G.S., FITZPATRICK T.J., BOODONOFF S.M., 1979. Detailed study of attached and

separated compression corner flow fields in high Reynolds number supersonic flow.

AIAA J 17 679-585.

And: Settles (1975), Settles et el. (1980). 0.8. Settles and A.J. Suits, data tapes,

private communications.

1 The test boundary layer was formed on the floor of the wind tunnel, remaining under ZPG
conditions for 1.14 a after leaving the nozzle. A recent investigation of this boundary
layer is reported in CAT8603T, including a detailed study of the turbulent structure. The
tests were performed on four compression surfaces 0.151 a long and 0.152 a wide, sharply
inclined at 8 (Series 01 & 02 on the same model), 16 (03), 20 (04) and 24 (06) degrees to
the floor. The inclined surface of the models was 50.8 ma narrower than the tunnel,
leaving a gap on either side. The corner (X = 0) region and the sloping surface were

5 fitted with side fences so as to insulate the experiment from the effects of the tunnel
side wells and improve the two-dimensionality of the test flow. The free strem Mach

2 number was constant to +/- 0.02. The RMS free stream mass-flow fluctuation level was
3 about 1%. The boundary layer was not tripped, but was fully turbulent. For details of the

upstream flow see CAT8603T. Oil-flow patterns showing the surface flow are reproduced
5 above as figure 9.3.1. The shock waves oscillated with increasing amlitude as the angle

of the corner was increased. The discussions of flow unsteadiness in chapter 8 and 9.3.1
above are largely based on studies made in this flow.

6 Wall pressure was measured at 35 g-values (tapping dia. 0.81am), with additional records
at various stations across the model surface which showed variations of about 1%. Skin
friction was determined at at least 19 stations using a Preston tube (d = 1.6 am) and the

7 Hopkins & Keener (1966) calibration. Mean flow profiles were measured with an FPP (h, =
0.178, h, = 0.089, bi = 0.762, d = 0.61, 1 = 15 am), a CCP (d = 0.84 am, 16' tip, 0.25 am
static holes in the horizontal plane lOd back from the shoulder, 1 = 15 ma from the holes
to the stem) and a FWP (dia. 0.1 am) of the type described by Vas (1972), which ws not
however used for all profiles. The probes were mounted on supports passing through the
roof of the tunnel, opposite the test surface. The profiles were measured along a line
12.7 am off the centreline so as not to disturb the flow at adjacent static tappings.

8 The first few profiles were measured normal to the tunnel floor, with, in general, the
remainder normal to the inclined compression surface. However, in the separated region
for series 5, profiles were inclined at 6.5" to the vertical with the aim of having them
normal to the zero-velocity line (Table 1). The Y-coordinate is set to zero at the model
surface.

Table 1: Orientation of profile normals.

Series 01 and 02 were both measured on the 8' model. All the profiles of series 01 are
normal to the tunnel floor, and all those for series 02 are inclined at 8*, normal to the
ramp surface. For other series the profiles are presented as a single sequence.

Normal to floor: Inclined at: Inclined at:

Series 03 0301 - 04 0306 - 17 16

Series 04 0401 - 03 0404 - 08 6.5' 0409 - 16 20'

Series 05 0501 - 05 5.6' 0606 - 09 24'

(The orientation for series 05 is ans given on a data tape prepared in 1987. The statement
in Settles at al., 1960, should be disregarded. Elsewhere it is stated that 01 - 03 are
normal to the floor.)

Im maamas u oa
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9 The measured TO profiles were replaced by a linear approximation, accurate to within 2%.
The authors have interpolated the original mean flow data to the measuring positions of

10 the Pitot probes, and incorporated no profile corrections, though it is not certain
whether the original Pitot profiles were corrected for shear. The editors have set the

12 wall temperature at 1.04TOD, on the advice of A.J. Suits, as typical of normal operating
conditions. The author has used an artificial edge state based on the tunnel total
pressure and the local wall static pressure in reducing Preston-tube data. The selection
of a D-state for flows of this nature is effectively arbitrary (9.2.2), the editors having
attempted to indicate the edge of the wall-based dissipative layer after an inspection of
the total pressure profiles.

13 The profiles are presented incorporating the assumptions and reduction procedures of the
author. The wall data are also as given by the author with the profiles, which describe a
boundary layer subjected to the shock-wave structure resulting from a range of compression
corners. ("Author" here should be taken to include those working in the laboratory and
preparing the data for us at a later date.)

§ DATA: 79040101 - 0509. Mean flow profiles from PT2, P and TO probes. NX = 27 (01 & 02
combined), 17, 16 and 9. Wall shear from Preston tubes.

15 Editor's Comments:

The experimental work described here provides the mean flow date for the turbulence
measurements in CAT8701T, (Suits & Muck, 1987). The date have been rescued from the
archives and extensively reprocessed for us, but even so certain small discrepancies
remain. Series 01 - 04 have been put together from the original experimental data tapes
and give only slightly more than half of the profiles in that data collection. Series 5
is from the set of data prepared for the 1980 Stanford conference on complex turbulent
flows (Kline at al., 1982), and represents only a small part of the data for the 24*
corner reported in 1975.

Less fully documented compression-corner flows are described by Ardonceau, CAT8402T, with
non-intrusive (LDV) instrumentaton backed up by conventional probe measurements, and
Debi~ve, CAT8301T, using conventional probes with some supporting hot-wire probe
observations. Other recent investigations are described by Kuntz at al. (1987) and, using
a cylinder/ cone-flare configuration, Brown et al. (1987).

The flow remains attached throughout in the 8" case. There is an exceedingly small
separation region at the foot of the 16" ramp, while the separation region is estimated
to extend from about X = -11.2 to 4.1 us and (very roughly) -35 to 10 me for the 20" and
24* cases respectively.

The profiles are given in fine detail and in most cases extend within the momentum deficit
peak. They are compared to the inner and outer laws in Figs. 10.3.8-12 above. There we
have used the shear-stress values declared by the author as derived from the Preston-tube
results. Profiles for series 01-04 are shown in figure 5 of Suits & Muck (1987) using a
profile fit to obtain a wall shear-stress value. The apparent fit is very good, and
raises the question of why, if there is a log-law fit, the Preston tube does not give
the same shear stress, and so not the sane profile. All profiles in the interaction
region, end to a lesser extent, those downstream, are subject to normal pressure
gradients. Integral values therefore are improperly defined and should be treated with
extreme reserve.

The wall pressure values given are those supplied by the author, and in many cases do not
exactly match the inner part of the pressure profile. The pressure data and profile data
were obtained in different runs, and a yet it has not proved possible to arrange a fully
coherent normalisat ion.

Compression-corner flows inevitably cause problems with the alignment of probes. For the
moast part the flow is either broadly in line with the free stream, or with the downstream
surface of the model. When the flow is separated there is also a small, but important
region in which the flow is inclined roughly at 5-6" to the free stream. In that ares of
the flow which has the turning shock(s) embedded in the boundary layer, the desired
alignment will change from the downstream to the upstream direction as the probe goes out
through the shock. While a Pitot probe will tolerate a measure of misalignment, a static
probe will be severely affected. (Settles, 1975, p.

29
. & Taylor, 1984, p.34 quote an

error of 30% at 10
° 

incidence.) When a probe is parallel to the downstream surface of a
rasp and is traversed normal to the surface, it will eventually pass through the shock
and become seriously misaligned, and error from this cause leads to anomalous results in
the outer part of the profiles. The data as received are sometimes cut off at the shock
when this happens, and sometimes extend beyond the shock, resulting in very high recorded
Mach numbers (up to 3.9) and total pressures (more than double tunnel reservoir pressure).
(79040411 - outermost point.) Our curiosity was aroused as to why this did not occur with
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series 03, for the 16
° 

ramp, and it is our opinion that, for this case and for series 05,
the recorded static pressure outside the shock has been replaced by the upstream static
pressure or by a separately measured value with the probe(s) locally aligned. (Settles
p.29 could be stretched to imply this - but if so, why not for all?) If this is accepted
as the explanation, it suggests that outside the shock, assming Pitot aligment errors
small, the mean flow data can be recovered in full, if not with complete accuracy, by
assuming constant static pressure with a value of about 22.5 kN m

. 
It is not possible

to apply a static correction to the recorded data, an this would be a function not only
of inclination, but local Mach number and possibly Reynolds number.

Data in the immediate vicinity of the shock wave must be treated with some reserve. Even
if the shock can be considered stationary, the response of probes, particularly static
probes, is questionable. In general the shock oscillates (see above) and the probes do
not respond simply by smoothing out the discontinuity, but display overshoots of both
senses as they traverse the shock (figure 1). Settles (p.

6
7) was of the opinion that

..since much of the flow compression - occurs in the form of compression fans rather then
overt shock waves, the problem of shock interference with the static probe does not
appear to have been crucial" (see however section 9.3).

Stagnation Pressure vs. Y

COMPRESSION CORNER
ANGLE = 16.0 DEG

X = 0.0381
o Z = -0.0127

to

_ 
0

o~ o
#

0o

STAGNATION PRESSUR04E' N2.

rig. 1: 7904T
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7904-B-1

CaT 7904 SETTLES 0OUNDARtY CINDItIONS &iN0 EVALUATED SATA. SI UNITS

RUN NO * TN/TR RE02W CF H12 "12K P4* 08

I * '00 p8/Pl RE020 C2 432 "32K 76* TD*

RI TOD ThUs 32 Pt2 M42 020 DOK Ti

79040101 2.6730 1.1120 3.4642'404 1.0355-03 5.7549 1.4595 2.3000-.04 2.2315.04

-. 54004.02 6.76750*ES 1.0307 80.397'94 NM 1.104 1.7741 2.9299.-02 1.0424.'02

INFINITE l.O1T7-.02 1.3350*302 1.4507-03 MR -0.225T 2.3015w-03 5.9353'-02 2.63-0.02

11640141 Z.6460 L.1119 4.3034*04 1.012'03 0.5164 1.230 2.3000--04 2.26480.04

-1.5240-2 6.7959'*05 1.0155 1.0634' 05 N4 1.8500 1.8342 z.',1*-02 9.02668*O1

INFINITE 2.305,r02 1.3220-.02 1
.
4
3g

5
-

0
3 4 -0.1803 2.1596-03 5.4595.02 Z.2313"-02

7040103 2.i660 1.1119 4.2405'-04 9.4615-04 5.7490 1.4318 2.3000-.04 2
S9 1

, 04
-S.lO00-03 6.7S88.05 1.0161 1.0514'.05 NM 1.0611 1.8487 2.4584*02 8.9445-.01

INFINITE 2.3639'*02 1.2290.3Z 1.4066-03 NM -0.2134 l.06Er-00 9.'34600 Z.2110".02

79040104 2.8590 1.1117 4.3041-.04 9.5.96-04 5.6245 1.4449 2.3460'-04 2.2592-.04

- 2
.500 0--03 6.7075-*05 1.0384 1.0624%105 M 1.0515 1.6401 2.4536"'02 8.9542.01

INFINITE 2.3512".02 1.23T0"*02 1.4272'-03 Nq -0.1678 2.1042-03 5.4242-.EZ E.2070'.0Z

79040105 2.8590 1.1117 4.2926*04 8.05180-04 5.4825 1.5392 3.15103*04 Z.2552"404

o.O000.OO 6.6956't00 1.3972 1.00E4*+05 N4 1.0432 1.8407 2.4695-*02 9.0098..01
,F0NITE 2.3739-02 1.390".32 1.4O75-'03 NM -0.2212 2.04S4--03 5.4411'-02 2.207eZ02

79040106 2.0590 1.1117 3.9527-.04 0.5288--04 4.5029 1.5448 3.3810-*04 2.2d49'-04

5.1000 -03 6.7038"*05 1.4797 9.5235--04 N 1.8173 1.8162 2.0229*02 1-0002e'02

INFINITE 0.7143".02 1.1150.02 1.5537w-03 NM -0.2228 2.0850-03 5.4181*0l 2.5392".02

09040107 2.8440 1.1114 3.6187'04 9.7354-04 4.0297 1.6578 3-4270.04 2.2824'E04

1.0160"-02 6.6236".05 1.5015 0.6601"*04 mm 1.1193 1.8074 2.8303"*02 1.0397'.02

INFINITE 2.7216'-02 1.2580+02 1.4410'-03 N4 -0.164Y 1.7502-03 5.141*'02 2.5467*02

79040106 2.8590 1.1117 4.9205".04 1.0539"-03 3.5417 1.6461 3.49603.04 2.2553*04

1.5240-02 6.6959"*05 1.5501 1.103405 65 1.7442 1.7400 2.7951'.02 1.01644.02

INFINITE Z.67800*02 1.3600'-22 1-.9259-03 m -0.1207 2.4181"-03 0.7790'02 2.5052. 0l

75040109 Z.0660 1.1119 4.6406%04 1.1260"-03 2.7429 1.6459 3.564*04 2.2427--04

2.0320-02 6.7296*05 1.5896 1.1344',ES NM 1.79400 1.7435 2.02702 1.0197 E2

INFINITE 2.6949'*02 1.4S20'02 1-8531 -03 Ng -0.1793 2,20l7"-03 5.6026.02 2.52E6 0i

79040110 2.8660 1.1119 4.0460-04 1.1969-03 1.2976 1.6374 3.5650-*04 2.2420- 04

2.5400'-Ol 6.7275*05 1.0901 s.7010'.04 NM 1.0378 1.8164 2.8149*2 1.02.1-.E0
INFINITE 2.7045'02 1.54300 1.60804 0 -1 -0.2018 1.6539

u
-03 5.8152-02 2.5315'+02

79040201 0.790 1.1096 2.3603'-04 1.0023'-03 3.0203 1.4731 3.1511*04 1.9461'-04
0.EEOO'.05 4.5605'*05 1.6152 5.4160604 05 1.4121 1.3080 2.9485"*02 l.1240l0INFINITE 2.0352',02 14:00962 1*2157.03 440 -0.1124 1.-556"01 5.864 -02 2.6572'-02

75040202 2.6040 1.1042 z. 2025.04 1.2916--03 !.0010 1.4109 3.310-04 1.9549'04
5.0800"03 3.5250 05 1.7295 4.4994'.04 0 1.7T0 1.7795 3.1094.:02 12095.E2
INFINITE 2.097"*02 1.1150.7Z 1.327 - 03 05 -0.0862 1.39EZ_-I3 5".012'*02 2"e100a.0Z

79040203 2.00T0 1.1123 3.7091104 1.1225-03 Z.1059 1.4228 3:426;+04 1:.920q'04
2.010"02 .9 503u*3 1.7841 9.3652 .O 55 1.755 1.7572 2.9731" 5O 1.0719'.02

15FIN1TE 2.4597-02 1.2590.02 1.9074-03 N9 0.0084 2.0442--03 5.9923"02 2*619*02

79040204 2.9790 1.1141 4.6250:.04 1.1442"-03 1.)662 1.4138 3:4961::04 1.9134::04

1.24W-02 6.813 05 1.8272 1.1652".03 84 1.52 1.746 2,5127
0
2 1.093 02

INFIN E 2.8007"02 1.3600" 02 Z.1145"-03 Il -0.0761 2.2494'E3 6-0005'*E2 2
- 5
144 *EZ

794OZOS 3.1700 1.1176 5,7157".04 1.1067--03 2.1027 1.3893 3.0450"-04 1.84S "04

2.03208-02 8.0224'.05 1.9113 1.5749'.05 N4 1.7681 1.7f32 2.055602 9.125-01

INN1T 2.7323'.02 1.4s2O-.*Z Z.3536"-03 N4 -0.1161 2.5460'-03 6.0590"*02 2.1424".02

7904106 3.1090 1.1167 S.202".04 1.14"-03 1.6323 1.3967 3:5651'-04 1.911 4.04

2.5400 -2 4.39rE'*05 1.8650 1.6620:.05 N5 1.7712 1.7417 2.851402 5.9371-01

INFINITE 2.7515+02 1.5430-.32 0.5710.-O3 55 -0o1412 2.6745 -03 60445 02 2.5629* 2

79040207 3.1490 1.1173 7.0310:.04 1.2294"-03 1.1551 1.4100 3.61I054 1."79?*
0
4

3.0.Oo-02 0.5S205 1.9272 1.9057"05 N 2.7637 1.7513 2.0610 02 9-2213 01

INFINITE 2.7509 02 1.5990".02 l.9066"-03 N -U.14.4 2.961-03 6.0429'*02 2.S60?".E2

79!008 2.3840 1.1039 9.T167-34 1.190'-03 3.4874 1.3010 3.600::04 3.31'::04
3.0069102 4.0969'*05 1.2716 7.*693'+:4 a 1.7991 1.7928 2.8790'02 1256002
3.FINITE 2.7692"02 1.6380"*02 13530 -03 Nm -9.0615 1.0129-03 5.4414*02 2.6151*02

?040209 2.4620 1.1025 4.4178:04 1. 1390'-03 3.7923 1.3409 3.753 04 3.5T15"04
4.5710"-02 5.S17~.05 1.0624 0.9910.04 NM 1.0090 1.762 2.89:35"02 1.2576"*02

INFINITE 2.7822"*52 1,726E'*32 l.4531'-03 44 -0.0501 1.900'-E3 5.35 *02 2.6236*02

79040210 2.5050 1.1039 4.696 04 1.1143"-03 4.1901 1.3135 3.0641u*04 3.6691-04

0.5880 -02 6.31 3 '05 1.0531 9. 967T.04 44 1.816 1.7 97 2.9 476 ' 02 12654 02

INFINITE 2.0530.002 1.7960'-02 1.5124.-03 tq -l.0900 2.14080-83 5.6498m*02 2.6883452

79040211 2.5400 1.1047 4.7041::04 1.0412-03 4.3654 1.3104 3.9100"04 3.7071,.:o4

6.6040 -02 6.7402 *01 1.0047 1.2,6.25 0 1.203 1.0162 2.554".02 I.239..02

INFINITE 2.a3N'*02 1.9100*22 .5194-03 40 -0.157 2.1776-03 5.64E8 402 2.6717".02

7000212 2.650 1.1031 4.S447:.4 1.1271.-03 4.6630 1.3304 359100"04 3.9296::04
7.6200!-02 6.397S. 05 0.9950 9.3062 '04 NM 1.6282 1.4159 2.92.9"a2 1.27'02

INFINITE 2.8133"*02 1.8900--32 1.3706 -03 Nm -0.2247 2.0231-03 5.5730.12 2.6525 02

?9040213 2.5190 1.1042 5.0792'.04 1.1!85'-03 4.590 1.3489 3:529:z04 3.8195S04

0.6360'-02 6.7105*"0S 1.0300 1a050 05S 8 1.6190 1.8040 2.9004502 I.2201 . 0I

INFINITE Z.789-02 1914002 1.5127'-03 N4 -0.1941 2.152'-03 s552 02 2.6267 02

7904014 2.0050 1.1039 5,0478.04 1.1415-03 4.4637 1.3230 3.560 .04 3-8460.:04

1.620--02 6.62261*05 10204 1. 0440"*I1 64 1.8162 1.8016 2.172a*02 1-26439a00

INFINITE 2.400'*02 1.9940..02 1.5146-03 M -0.1370 2.15-03 5-6016 .00 2.E42602



7904-B-2 125

C46 7904 SETTLES IOUmokSR CONDITIONS 44U EV4LUATEO !)TA 51 UNITS

RUN M * /T RD2 ' .f12 H12K P* PD.

x 400 Pw/PD 580 C' Df2 M32K T8* lT

RI TOO TAU 02 P12 H42 02K UO3 TR

79040215 2.5050 1.1039 3.3245w04 1.1617--03 4.5200 1.3174 3.9790Q-04 3.8303-*04

1.00- 6.6016M.05 1.0254 S.0035*S05 N 1.9195 1.d0ST 2.8659*02 S.206* 02

INFINITE Z.770*0Z 1.9000-.02 1.5346--03 NI -0.1445 2.2176-03 5.57153.02 2.6144'.0Z

?9040216 Z.5050 1.1030 5. t017"0' 1.1931--03 4.6676 1.3377 4.0020-*04 3.0583'*04

1.1680'-01 4.6437m+05 1.0372 1.0595*'05 N 1.01'4 1.8008 2.8467-02 1.2139.0Z

INFINITE Z.73714-02 2.0220-.02 1.4010-03 NI -U.2055 2.1468-B03 5.S3353'02 2.5?89*02

79040217 Z.4270 1.1020 5.5925"*04 1.196T-0
3  

4.1611 1.3099 4.0020..04 4.0)50-.04
X.2700-01 6.2491-.05 0.9766 L.1229"*05 N 1.6217 1.6095 2.0766-.02 1.2699-*02

INFINITE 2.7659wz02 3.03O30%Jj 1.62418-03 Nm -0.1562 2.2600'-0) 5.4836--02 2.6103'-02

79040301 2.8300 1.1111 3.194Z"-04 1.0436-03 5.3703 1.2911 2.2510'.04 2.28704.54

-3.0100'-Z 6.49T0'.05 0.9043 r.5649*-04 NM 1.8600 1.8492 2.5630-.02 1.0551401

INFINITE 2.75239-02 1.3380--02 1.2985-03 WM -0.2354 1.6763-03 5.8366.02 2.
5
767--52

79040302 2.8510 1.1116 3.3067'04 1.0703"03 5.5645 1.200 2.1700"*04 a.2?3Z7*04

-I.100-01 6.670405 0.1542 7.9245*.04 NM 1.8530 1.0419 2.0523-.02 1.0445.02

INFINITE 2.423502 1.3850'+02 13293-03 M4 -0.2531 1.9719u-03 5.8421-.02 2.5
6
59-.02

79040303 3*8440 1.1115 3.7254" 04 6.4661--04 4.9227 1.3393 2.4260'*04 2.2807*04

.6.3500-03 6.6146 '05 1.0637 4.92524*04 ml 1.9216 3.8123 2-0009*02 1.0316*02

INFINITE 2.70046*02 .3500u*21 1.4699"03 NM -0.2136 2.0787-03 5.7917*02 2.SZ56'"Z

79040304 2.0510 1.1110 4.1499t,04 2.7245--05 *.23?3 1.4975 3.43204 04 2.2579'04

-3.1800-03 6.6326'*09 .5200 9.9639-.04 N. 1.7696 1.7661 2.824R-.02 1.0345-o2

INFINITE 2.7162--02 3.500-.30 1.6547'03 NM -0.2153 2.1604-03 5.8139.02 .5410*.02

79040305 2.8140 1.1109 5.0770%,04 2.550-04 3.5091 1.5983 3.9379-.04 *.305+04

0.000000 6.4041'-05 1.T100 1.19451-05 Mm 1.7407 1.7425 2.9205"+02 .c7''.2

292ZT 2.808O|r02 3.2700t2J1 2.1192"-03 m -0.1542 2.6004-03 5.8836'-02 2.6Z90".02

79040306 2.4230 1.1110 5.150+04 2.7165-04 2.0738 1.4937 4.4980-.04 2.3030-*04

3.1800-03 6.4731'-05 1.9531 1.2142--05 N 1.7540 1.7523 2.9537t'02 1.0949'*02

IFINITE 2.8400"92 3.4900-*01 2.1746--03 *9 -0.1692 2.5368-03 5.9226'*02 2.6585-*02

79040307 2.8160 1.1109 5.84S3-*04 5.6242-04 Z.3915 1.5554 4.8019-.04 2.3050504

6.3500-03 6.4044'-05 2.0051 1.3746*+01 "1 1.7226 1.7252 2.9175*02 1.01
4 8

'-
0 2

INFINITE 2.dOS34.02 7.1900-0I 2.
4
350-03 N. -0.1544 2.5969-03 S.80046-02 2.6263*'02

79040308 2.820 1.1110 6.2033--04 7.4u280-04 1.875 1.5415 5.0050--04 2.30Z%-*04

t.5300.3 6.473.05 2.1734 1.4693--05 N4 I.7109 1.7131 2.6684'-02 1.0633-'02

INFINITE 3.7551'02 9.5100'*31 2.5206.-03 N4 -0.176 2.4T99--03 5.0565'*03 2.510
8

*0A

79040309 2.5230 1.1110 6.2126-.04 8.307-04 1.6275 1.582- 5.1799*04 2.3033+04

1.ZTQ75-02 6.4731*05 2.1492 1.47233400 N 1.7039 1.7043 2.$487"0Z 1.0560.02

INF ITE .7391"*03 1.0690.22 2.32o-03 M" -0.1870 2.3501--03 5.8164",02 2.5641'r o

79040310 2.8370 1.1113 1.723T'.04 1.0697--03 0.9063 1.5392 5.4370'.04 2.3031t-04

1.9100--03 6.6138'.05 2.3607 1.8406.05 N4 1.7095 1.?050 2.519-02 1.0508'02

INFINITE 2.7423'.02 1.3800'.12 3.0901'-03 Nm -0.1423 2.6304-03 S.8308--02 2-56644.OZ

79040311 2.5160 1.3108 1.0047'-05 1.1i22"-03 0.0897 1.5265 5.3?00-.04 2.3032-.04

2.5400*-02 64049-.05 2.4154 2.3
7
?73.U5 NM 1.7195 1.7100 2.091.02 1.0631'-02

INFINITE 2.7491-.02 1.4730'32 4.0893--03 Nq -8.1227 3.1258"-03 5.821.**02 2.5730.+02

79040312 2.8300 1.1111 1.0604- 05 1.3379--03 -0.5176 1.4732 6.0450-+04 2.3050'-04

3.0100-O2 6.5481.05 2.6379 2.5611'05 NM 1.7390 1.7266 2.6923'-02 1.0655'*02
INFINITE 2.7@10-.02 1.72909 .32 4.4149"-03 NM -0.1440 3.1N04 -03 5.046402 2.6030*0Z

79040323 2.8370 1.1313 1.2S03-.05 1.5205--03 -1.1174 1.4496 6.2000-.04 2.3033.04

5.0800-0Z 6.6134'-05 2.5918 2.9613-.05 NM 1.7649 1.7504 2.9542--02 1.0985*0

INFINITE 2.8407"OZ 1.9730-.32 5.2321--03 M -0.1150 3.4996-03 5.9344--02 2.6504'+02

79040314 2.3060 1.099 9.7149-.04 1.1639--03 2.1906 1.3466 6.2800-*04 5.415'2%04

7.6200--02 6.83524.0 1.1597 1.6655-.05 Nq 1.8175 1.0020 2.8751'-02 2-3397'.02

INFINITE 2.7645+02 2.3460-.02 4.073s1-03 44 -0.0992 2.5096-03 5.3514.'02 2.6163.+02

79040315 2.1720 1.0953 4.47645.04 1.2511'03 4.012 1.3707 S.3005*04 6.2303"04

1.0160-01 6.3763-- 5 0.9390 1.1709-.05 N9 1.8042 1.7975 2.0912t02 1.4304*02

INFINITE 2.7800-.02 2.5740-.33 1.4754 -03 NM -8.105 2.0Z47-03 5.2003'02 2.6396''02

75040316 2.1930 1.0958 5.9904.04 1.3328"-03 4.1445 1.3510 5.8000054 6.0958N-04

1.2700-01 6.44T005 0.9515 1.09360"0 mg 1.08271 1.8213 2.8578*-02 1.4007.-02

INFINITE 2.7450'02 2.7350-.02 1.3547-03 NM -0.1259 1.0293'-03 5.2035'*8l 2.6078*02

79044317 2.1930 1.0909 5.3559-+04 1.3945"-03 3.8063 1.3037 5.8900-*04 6.0608'.04

1.3970-01 6.4100-'05 0.9118 1.15358-05 N" 1.8330 1.827- 2.8915*03 1.6173.02

INFINITE 2.7005'.02 2.-s25002 1.4676--03 Nm -0.1334 1.9339-03 5.2344"-02 263803

79040401 2.780 1.1102 3.785+04 1.1191-03 5.4215 1.3166 2.1010-.04 Z.3271'404

-3.6100-02 6.Z00T*09 0.9372 5.7170.04 N3 . 1.0152 .6020 .056o*l

INF2NITE 2.5151-.02 1.4170M32 1.3402-03 NM -0.258'S 2.0224-os 5.54664022

T9040403 Z.7Z40 1.1009 4.0567--04 6.3443-04 4.6894 1.6424 3.9090-M04 2.4011-04

-1.9050-0Z S.9599--05 1.5840 9.301T..04 NA 1.?762 1.TST1 2.7131".02 1.0502-*02

INFINITE 2.6097.02 6.1300-031 1.5170-03 NM -0.5835 2.0815.-03 5".970*0
2 

2.4466'02

7904C403 2.7450 1.1093 5.4356--04 1.i08W-04 3.5530 1.6403 4.0690
d
004 2.461Z-004

-1.2700*-92 4.16033.05 1.4614 -.655 M 1.7357 1.7259 2.6090-.02 1.0007
- 0 2

IMPINITO 2.50.0*03 2.0640.01 1.113S--03 NM -0.1573 2.3714-03 S.so50s.02 2.3519--
0 2



12A-6 
7904-B-3

CAT 1904 SETTLES S0U1AR CONITIONS 440 EVALUIATED DATA, $1 UNITS

RUN 90 * TW/TR 90928 CF 412 H12K Pw. PDA

SP03 PA/PD 6020 Cl 932 932K TWC TD*
83 TAO 7038 * 02 P12 "ZK U5O 1R

79040404 0.7590 1.1006 s.0092.304 1.41722-04 3.5491 1.8052 4.1089-.04 2.4809'04

-2.10 2 4.33649.0. 1152 1.4222"5 ; 1.7133 1.7032 0.5140.0Z 9.8151-.oI_.F1N6T8 2430 290 .)100431 2.491-03 N -0.1073 2.4961-03 5.4804-.2 2.3204-.02

1904000 2.0440 1.1114 9.3672"*04 7.76Z9I-02 2.7134 1.9301 4.1609+04 Z2527 
0 4

6.3500.03 '..01.405 1.0208 1.5471".OS 8. 1.613' 1.816 25931nA2 .0250.01

INFX0EITO 2.493302 1.00034 Z.221"-93 N" -0.1406 2.390-03 0.5451"t52 2.3331.00

79040404 1.359000.070 1.6596,%04 1.7030-01 5.6105 4.Z552 4.6150*04 4.5398'*04

O.0000.05 1.3A4Z.09 1.0146 .2164'*04 N" 15A 1.5119 2.7522*0 1929.82
I NIT , 2.6463 02 1.000 34 9. ?40 -04 9 0.0150 1.204*-03 3-781802 _ .0 721 02

1904040? 1.6990 1.12 3.3266..04 1.33 0 .2 2.40 Z.0729.04 4.4026*06
39700-.03 2.216205 1 .1292 5.01?n0 _O 1. 7 93-03 4.7210.Ozz Z.-00le.

140-lk ty 2.6592"-0Z 1.1200-.01 1.4038 3 NM -0.0252 1723- 420
0  

'50*0

,U40, :2O.2 1.::64: 1.0452:04 813656:-04 4:2363 :1d470 S

1.2700"-OZ 1.3170#.00 1.0134 3.964 4 N 1.1245 1.2021 2.6001.02 2.0067.02

IoFIPITA 2.5846*02 .500".01 1.613"3 -0.0173 2.1149"-03 3.4000.02 2.524S".02

19040409 3.1060 1.1165 l.1661:t05 6 .0i7-0' 0.3256 2.0740 A.044*04 1929*0'

1.089. 0 1 .114"S30 3.3?15 3.1452'05 N9 1.6194 1.0964 z.765*02 .7402+01
296281T5 .s716.02 7.3?0'*31 s.7648"_03 84 -0.0608 3.4265-03 5.8370- 0 2.3973.02

T9040410 1.2350 1.0970 7.2212"04 5.20300-0- 2.7?79 1.9061 6.2590+04 41 04

1.900-02 S.0957*05 1.3073 1.3511 *05 N; 1.6303 1.6041 0 .786 1*02 2.3016*02

2478I1T0 2.6020" 02 a.0.00-.31 1.9996-03 99 -3.0459 2.4413-03 5.212402 2.667*02

19040411 .150 1.0949 .46441--04 5.5267-04 3.1561 1.7152 6.6110*A S 0300S

2.500-02 5457105 0.2129 1.3483"+3 944 1.694 1.6491 2%73331902 1.3804600

INFINITE .6?61 02 9.4200"-01 1.86 90 -A3 84 -0.0393 2.4S52 -03 S.0930.02 2.0419 02

79340412 2.2600 1.3993 o.0129"+05 6z.461"-0. 2.110 1.6012 7.20904*l4 5.6231j*0
4.1300102 6.6743.09 1.2009 2.3437.03 9 1.613 1.6113 2.7590 2 1-29 92

INFINITE 2.4130.402 1.3290w.01 2.3617 -03 84 -0.033 .9069"-03 3.2191*02 2-3121*t02

19040413 1.1150 1.0937 3.4740"+04 8.3T42"04 3.9045 1.05 1.:196"*00 0.8904:004
2.7190 -02 4.410000 1.0913 1.4931..15 94 1.7106 j.69&7 2.402'.02 1.339*02

1;F9N78T .3A6+-02 1.7960 1)2 1.68066-03 m4 -0.1008 3.5769"-A 4.9386*02 24143"*02

79040414 2.0510 1.0919 9. 2776004 1.0503-03 3.5435 1.4365 7.1150*004 T.2529:04

7.6200-02 6.1442*05 1.0637 1.6133. 5 N9 1.7453 1.7314 2.6614.82 1-309020l

1 8F 1 8 T1 2e 5S 9 1 '* 0 2 z . 2 4 3 0 . 22 1 ? T 5 9 -0 -3 89 - 0 .0 58 6 2 . 4 4 1 4 0 3 4 . A8 4 10 0 2 2 4 3 5 "0 2

?9044415 2.0160 1.0909 9.5157'04 1.1736-03 3.5660 1.4703 7. 10404 7.61804#04

9.5250-02 S.127'05 1.0308 1.62094t.5 N 1.439 1.1346 Z.109" 02 1.355r.02

IsFINITEO 2.651 02 2.500.32 t.121"-03 84 -0.0569 2.608-03 0424*02 2.4905"02

79040416 1.9080 1.0901 0. 0268"04 1.2085'-03 3.2371 1.3431 .53204*04 1.6473*04

1.94304-01 3.0730.95 1.0503 1.35t405 84 i.79*1 1.7976 2.0255*A2 1.51402

I;FINITE 2.716a0*02 2. 260"'32 1.646 3 89 -3.0500 2.1308"-03 *-9105.02 2"5321 *02

79040001 2.250 1.1110 32771,01 1.0314"-03 5.4269 1.2337 2.890:*04 2.Z290*04

-6.3500-02 6.43371*0 1.0000 7.9056*04 94 1.9543 1.0398 2.706*02 9.5296*01

IF8N7T1 2.4716-402 1.3936.t02 1.1633"-03 ' -0.2193 1.126,-03 5.5250*02 2.3131'-02

79040302 2.9300 1.1111 5.0329"*04 N4 3.5394 1.751. 4.116500 2-290904

-3.040-02 6.0024"*9 1.1982 1.2149,.00 54 1.6924 1.190 2.6032*02 9-620701-3.T0 .5o31*02 94 1.909Z6-03 89 -2.2109 2.20 03 5.5654*02 2.3426-02

19040503 2.8510 1.1116 1.1'08"05 N4 1.7349 2.SZ20 -0.T49.04 2Z2988t04

-1.0140-02 4.7132*30 2.2113 -.637"905 89 1.6310 1.S345 2.T01ZO*02 9-$922401
1961810T 2.5970 32 84 4. 1003"- 3 84 -0.0602 3.6042_-03 5.6953'-02 2. 301.0Z

79040504 2.7740 1.1100 1.4002*05 N4 1.1260 2.301 5.3301*01 2.3125".04

0.0009I*00 6.030 ., 2.3064 3.3061 3 84 1.6230 3.1753 2.903*02 9.7104.0
INFI1ITE 2.4810 *0Z 44 5.3089"-03 N -0.094 4.306603 5.49194 02 2.3246802

79040005 2.7310 1.1090 1.05374005 1.0191"-0 T4 812 2.6079 6.1571*04 2.09269 0'

1.0160w-02 5.8)09+05 2.6896 3.5534'*05 84 1.6204 1.5803 3.6320*02 1.0157"02
2921470 2.5300".02 1.2130"33 5.1307-3 89 -3.1102 4.4130 03 5.5184402 2.3?324*02

7040906 2.7190 1.1094 1. 1539",0 5.51914-04 -1.0071 2.014 7.7570::04 2.2991:04

3.0460-02 5..122"*0053.0A97 3.919=05 94 1.429 1.6113 2.6755" 02 14200*02

INFINTE 2.572'50. Z .950 .J1 I.4437-03 14 -0.120 4.0713-03 5.3465 02 2.4133t02

79040507 2.710 1.109, 2.3393.405 1.215--0 -2.3753 1.6519 .9698*04 2.209r
:

0

.09609-02 54700". $ 3.3185 a .5.2"*3 5 8 .6970 1.6681 2.609040 .0130.*2

1N6114110 2.$0so * 2 1.29"*22 9.004 -03 94 -0.1162 4.47.1-03 5.4 28402 2.3531.52

79040508 2.4820 1.1000 4.0177'+05 2.1037-0s -:5443 1.3833 9.7132-04 2.2099:.0'

1,01603-01 5.003609 4.2445 N.2952"05 84 1.7759 1.7970 2.5236 .A2 9-9583t01

INFINITE 2.426S"+02 2.5161)2 1.5340'-02 ) -0.0T16 6*3427-03 S.364012 2.273620T

79040549 1.8:90 1.3371 9.5916:-U4 1.3496"-03 3.6415 1.4463 9.460::04 9.3922:*04

1.I220-L-I 6.108" :05 1.0057 1.4036 -05 NM 1.1291 1.8249 2.6201. 02 1.41.0.2

16FNIT0 2.02l3 02 3j6311*22 1.4034"-D3 89 -0.1100 1.7160-03 4.0540452 2.4121402

A



7904-C-1 12A-7

79040304 SETTLES PROFrLE TABULATION 54 POINTS, DELTA AT POINT 44

1 Y PTZ/P P/PI TO/T33 /140 U/UO T/TO R/RD*U/UD

I 0.0000*+0O 1.0000-+00 1.51999 1.0399' 0.00030 0.00000 2.73059 0.00000
2 8.3540--04 1.6015- 00 1.73847 1.04721 0.2)765 0.46145 2.40344 0.33385
3 1.2700-03 2. 645'.00 1.73695 1.04495 0.37636 0.5204 Z.23014 0.43019
4 1.6350-03 2.3671 .00 1.67199 1.04136 0.41599 0.60783 2.13495 0.47602
S 2.0900"-03 2.68%0*00 1.62943 1.03638 0.45317 0.60?7T 2.04007 0.51638
6 2.5630"-03 2. 3936.-00 1.56535 1.03335 0.48544 0.68008 1.96264 0.54934
7 3.0?80--03 3.2060".00 1.53823 1.03173 0.50649 0.70030 1.91172 0.56348
8 3.6120"-03 3.533-5#00 1.46512 1.02947 0.53771 0.72914 1.83877 0.59097
9 4.1350"-03 3.921Z-+00 1.39976 1.02766 0.56261 0.75094 1.78155 0.59001

10 4.6480-03 4. 0683-00 1.33410 1.02644 0.59365 0.76868 1.73453 0.591Z2
11 5.1510-03 4.3108-*00 1.26930 1.02934 0.60330 0.79603 1.69750 0.58798
12 5.6,60"-03 4.61)2--00 1.21159 1.0Z791 0.62750 0.80496 1.6458 0.59266
13 6.2380-03 5. 0164"00 1.15352 1.02573 0.65731 0.82676 1.53202 0.60282
14 6.9290-03 5.3629'+00 1.01348 1.02336 0.68222 0.84400 1.53054 0.60299
15 7.5820"-03 5.9049"#00 1.04180 1.02340 0.71940 0.86888 1.45876 0.62053
16 8.2140-03 6.0583".00 1.02691 1.02354 0.72957 0.97572 1.44077 0.62416
17 8.8950-03 6.4818"+00 1.01292 1.02171 0.75693 0.8)207 1.33896 0.65055
18 9.5580"-03 6.6771"*00 1.00046 1.02155 0.76920 0.89941 1.36719 0.65815
19 1.0190-02 6.9615"+00 1.00030 1.02139 0.78674 0.90961 1.33675 0.68047
20 1.0780"-02 7.-4Z3-,00 1.00030 1.02019 0.79165 0.91189 1.32684 0.68727
21 1.1570"-02 7.2878"*00 0.99696 1.020?3 0.80639 0.92052 1.30310 0-70426
22 1.2260-02 7.5439-+00 0.993)1 1.02133 0.32147 0.92904 1.27905 0.72127
23 1.2940-02 7.75i9-+00 0.99119 1.02070 0.83374 0.93488 1. 5734 0.13659
24 1.3550-02 S. 0207.00 0.99042 1.01873 0.84932 0.94212 1.23190 0.7544
25 1.4220--02 8.064z.00 0.99073 1.02009 0.85128 0.94400 1 .22971 0.76055
26 1.4730"-02 9.4173" 00 0.99352 1.01902 0.87092 0.95332 1.14817 0.79057
.7 1.5630"-02 9.41T3-+00 0.99853 1.018 0 0.87092 0.95312 1.19767 0.79472
28 1.6310--02 9.448600 0.9963 1.01845 0.883 5 0.95917 1.17349 0.81278
29 1.7130-02 3.3767"00 0.99574 1.01633 0-85S3 0.96411 1.16019 0.82814
30 1.7860-02 9.2550*-00 0.99331 1.01943 0.91562 0.97417 1.13140 0.85524
31 1.8460-02 9.3492-+00 0.93240 1.01682 0.92073 0.9T532 1.1220 0.96259
32 1.9Z90-02 9.5391"00 0.99210 1.014)4 1.93055 0.97849 1.10631 0.87752
33 2.0010m-02 9.7962"+00 0.99179 1.01432 0.94311 0.93414 1.05975 0.99650
34 2.0690"-02 9.905"00 0.99210 1.01212 0.95300 0.93761 1.07396 0.91233
35 2.13301-02 1.0276" 01 0.99377 1.0136b 0.96773 0.99405 1.05514 0.93623
36 2.2010"-02 1.0177.+01 0.99544 1.01371 0.96282 0.99207 1.0616q 0.93017
37 2.2d20"-02 1.0326"+01 0.99742 1.00961 0.97019 0.99306 1.04771 0.94539
38 2.3620"-02 1.0333"*01 0.99939 1.00933 0.97299 0.99405 1.04376 0.95180
39 2.4520*-02 1.069501 1.00000 1.005 3 0.98772 0.99302 1.02095 0.97754
40 2.52401-02 1.0635"01 1.00000 1.00533 0.98772 0.99802 1.02095 0.97754
41 2.5960"-02 1.0635" 01 1.00030 1.00353 0.98772 0.99703 1.01892 0.978951
42 2.6820"-02 1.0539-401 1.00030 1.00775 0.99509 1.00198 1.01390 0.93824
43 2.7610"-02 1.389-o901 1.00000 1.00139 0.99764 1.00000 1.00493 0.99510

1 44 2.6520-02 1.0940'31 1.00030 1.00001 1.00000 1.00000 1.00000 1.00000
45 2.95401-02 1.0940".01 1.00030 1.000C7 1.0000 1.00000 1.00030 1.00000
46 3.0530"-02 1.0940"+01 1.00000 1.000c0 1.00000 1.00000 1.00000 1.00000
47 3.1900"-OZ 1.0999.01 1.00000 0.99935 1.00281 1.00099 0.99638 1.00462
48 3.3450'-02 1.0999".01 1.00000 0.9993S 1.00231 1.00099 0.99638 1.00462
49 3.5230*-02 1.1050"'01 1.00000 0.99977 1.00526 1.00198 0.99349 1.00855
50 3.7390*-02 1.0999-+01 1.00000 0.99737 1.00291 1.00000 0.99441 1.00562
51 3.9420--02 1.0940" 01 1.00000 1.0000 1.00000 1.00000 1.00000 1.00000
52 4.17601-02 1.0999",01 1.00000 0.99935 1.03281 1.00099 0.99638 1.00462
53 4.4910--02 1.0499.01 1.00000 0-99731 0.99704 0.99802 1.00095 0.99707
54 4.5720--02 1.0999-+01 1.00000 0.99757 1.00281 1.00000 0.99441 1.00562



79040309 SETTLES PROFILE TABULATION 43 POIN S, DELTA AT POINT 35

I y PT2/P P/IO TO/T3 4/M: U/UO T/TD R/R/0U/UD

I 0.0000"#00 1.0000-00 2.24921 1.040D 0.00000 0.01000 2.69763 0.00010
2 7.6170"-04 1.5114'+00 2.28970 1.05167 0.30269 0..4700 2.35023 0.44923
3 9.4110"-04 1.6361"-00 2. 25295 1.04879 0.31732 0.48664 2.34297 0.47417
4 1.3930"-03 1.7998'+00 2.26720 1.0479 0.33858 0.51336 2.29752 0.50659
5 1.8530"-03 1.9356--00 2.24719 1.04334 0.36096 0.54048 2.24197 5.54174
6 2.2980"-03 2.1251-+00 2.238 4 1.04246 0.39859 0.57368 2.17944 0.586920
7 2.8450'-03 2.307T7 00 2.2361? 1.0381 0.41261 0.60010 2.1194T7 0.6331?
8 3. 2740"-03 2.4901'-00 2.22132 1.0 38,2 0.43500 0.625s2 2.06979 0.67164
9 3.9370"-03 2.T104-00 2.21155 1.03411 '.46015 0.65165 2.01552 0.71862

10 4.3T10"-03 2.8845"00 2.239S5 1.03432 0.47832 0.67129 1.95454 0.7550T
11 4.8410:-03 3.0562 Z0O 2.:0760 1.03332 0.49643 0.693 1.92489 0.7923
12 5.4640 -03 3.2570 00 2.18488 1.03271 0.51647 0.70808 1. T960 0.823)8
13 6.1420"-03 3.47036400 2.17813 1.03237 0.53656 0.72722 1.03622 0.86263
14 6.7990:-03 3.70458-00 2.16239 1.03251 0.55792 0.74646 1.79039 0.93171
15 7.4330.-03 3.9943-00 2.08952 1.031)2 0.583j7 0.76795 1.73447 0.9253
16 7.9600 -03 4.3900"400 2.03014 1.03021 0.61556 0.734 62 1.66505 0.:9333
17 8.7400"-03 5.01641-00 1.94773 1.0304-7 0.66303 0.03130 1.57039 0.9780;
18 9.3650 -03 5.686"400 1.61248 1.03036 0.7115 0.86530 1.47842 0.9438?
19 9.9a75*-03 6.3991j*00 1.40936 1.02813 0.75912 0.59531 1.39007 0.9,743
20 1.0670"-02 6.9155".00 1.24921 1.02661 0.79171 0.31376 1.33208 0.95642

30 1 . 7 9 7 03 20 2 9 1. 4 + ,) 0 1 . 14 03 0 1 . 0 1 5 s 2 0 . 8 1 69 6 0 . 9 86 9 2 1 . 03 7 9, 0 . 2 9 7 4
23 1.8'2S0-02 .775900 1.06702 1.01 0.0 4231 0.94.74 1.0435 0.80413
23 1.2810"-O2 9.1518900 1.03010 1.02196 0.957 q509 1.0948 0. R9)4
24 2.3610"-0Z 1.0079".01 1.0010 1.02114 0.87456 0.5713 1.10603 0.5426
34 2.410-02 1.03+00 1.00070 1.0012 0.3735 0.q50321 1.03122 0.02712
26 1 5120-02 1.928303 1.0020 1.01859 098719 0 .96909 1.1300 0.5026
97 1.5810 -02 9.015+0 0 1.00000 1.01754 3.9115 0.913 1.1310 0.8363
37 1.6380--02 9.2081-00 1.00000 1.0150 0.9222 00000 1.00939 0.87251
29 1.7160'-02 9.53916400 1.0000 1.0166 0.93978 0.9355 1.09531 0.897030 1 T970:-02 9.6928:+10 1.00030 1.015512 0.94722 0.98524 1.0849 0.90974

f 31 1.850 -02 9.779.00 1.00000 1.0146 0.95005 108670 0706 1.0069143
34 1.9630--02 9.9319-80 1.00000 1.010 4 0.95937 0.9391 6 1.06168 0.93157
33 2.0640-02 1.0079"01 1.00000 1.00858 0.96741 0.99133 1.0505 0.9440734 2.1550"-02 1.0326-+01 1.00050 1.00756 0.97931 0 .93511 1 .032 33 0 . 9'40 6
35 z .25 30"-02 1.04S3-+01 1.00000 1.00?T3 0.98760 0.94900 1.02322 0.97633
16 2.3920--02 1.0634"-01 1.00000 1.00536 0.99504 1.00100 1.01201 0.93912
37 2.5500--02 1.0634" 01 1.00000 1.00315 0.99504 1.00000 1.009,49 0.99011

-13 38 Z.7610--02 1.07361+01 1.00000 1.000100 1.00000 1.00000 1.01000 1.00000

39 2.9950-02 1.07870.01 1.00000 1.00009 1.00248 1.00100 0.99704 1.0396
,3 :+70 0 0.83w01 1.000000 1.00217 1.09 1 0 02 99 0:9 460: 1.:00 6 93

41 36120"-02 1 0838"+0I 1 00000 1 00217 1 004)6 1.0 0299 0,91608 1 03691
42 4 .0640"-02 1. O T T + 01 1 .00 000 1 .00019 1 .00249 1.00100 0. 93706 1I. 00316
43 4.5720"-02 1.0787".01 1.00000 1.00279 1.00248 1.0199 0.99903 1.0-297

I



7904-C-3 12A-9

79040311 SETTLES PROFILE TABUOATTON 49 POINTS, 0LTA AT POINT 42

1 y PT12/P P/PD TOITX U/MO U/U3 TIT0 R/RD*U/UD

1 0.0000*00 1.000000 2.41837 1.04000 0.00000 0.00000 2.68940 0.00000
2 7.6170'-04 1.7606"-00 2.57073 1.05134 0.33256 0.50578 2.31301 0.56214
3 1.1520-03 1. 83Z0"00 2.55622 1.04778 0.34506 0.52094 2.27914 0o58407
4 1.6040-03 1.9540*00 2.53446 1.04521 0.356470 0.54487 2.23205 0.61169
5 2.0640-03 2.0719"+00 2.507a5 1.04240 0.39210 0.56530 2.19880 0.64771
6 2.5860-03 2.1536*400 2.49818 1.04212 0.39347 0.57876 2.16366 0.66825
7 3.0780-03 2.2882Z+00 2.49334 1.03848 0.41122 0.5)840 2.11757 0.70459
8 3.5000--03 2.387z*+00 2.48609 1.03657 0.42365 0.61197 2.03659 0.72913
9 4.0360-03 2.5445"+00 2.48125 1.03615 0.44247 0.63290 2.04598 0.76755

t0 4.6610"-0 2.7104--00 2.47158 1.0314) 0.46129 0.65145 1.99436 0.80733
11 4.9250--03 2.8510-+00 2.47158 1.03251 0.47656 0.66770 1.96300 0.84049
12 5.5730--03 2.9217"400 2.46191 1.03234 0.48412 0.67527 1.94641 0.85412
13 6.0660-03 3.1807--00 2.45949 1.03139 0.51030 0.70110 1.89759 0.91351
14 6.5410--03 3.3644"-00 Z.46191 1-03035 0.52105 0.71795 1.04853 0.95617
15 7.0560-03 3.4971.#00 Z.45707 1.032? 0.54048 0.73001 1.82429 0.93322
16 7.4680-03 3.5667*+00 2.46191 1.03066 0.5468a 0o73529 1.80778 1.00135
17 7.9680-03 3.7045.-00 2.45465 1.02971 0.55930 0.74616 1.77979 1.02909
18 8.5450-03 3.8907"+00 2.45949 1.02917 0.57564 0.76032 1.74458 1.07189
19 8.9510--03 3.9943"+00 2.46191 1-03033 0.59452 0.76839 1.72812 1.04667
zo ).4030"-03 4.14224+00 2.45707 1.02956 0.59695 0.77856 1.70116 1.12459
21 9.8860-03 4.407a"+00 2.45223 1.02891 0.61851 0.79601 1.65580 1.17889
22 1.0430--02 4.5015"+00 2.45465 1.02879 0.62607 0.80190 1.64057 1.19981
23 1.0990"-02 4.6550"-00 2.45465 1.02813 0.63814 0.81107 1.61541 1.23244
24 1.1370-02 4.9447--00 2.45707 1-02813 0.66011 0.92902 1.57151 1.29461
25 1.2090-02 4.9930--00 2.44931 1.02833 0.66300 0.82991 1.56659 1.29755
26 1.2570--02 5.1564"+00 2.44014 1.02S73 0.67574 0.83919 1.53839 1.32950
27 1. 2930-02 5.2935"+00 2.43530 1.02576 0.63572 0.84526 1.51945 1.35475
29 1.3510-*02 5.2591-.00 2.42321 1.02519 0.68324 0.84327 1.52331 1.34143
29 1.4190-02 5.1224"-00 2.37338 1.02113 0.67330 0.93450 1.53617 1.28957
30 1.4860"-02 5.1564"00 2.16251 1.02017 0.67579 0.93599 1.52999 1.18146
30 1.5530-02 5.3282*-00 1.94617 1.01934 0.69821 0.8.457 1.50600 1.09135
32 1.6130*-02 6.2035*+00 1.61814 1.01383 0.74858 0.98195 3.39909 1.02912
33 1.6910*-02 7.71321+00 1.30810 1.01143 0.84162 0.93410 1.23184 0.99193
34 1*.o10 -02 8.5069'-00 1.19855 1.00561 0.83672 0.95394 1.15736 0.98798
35 1.8330'-02 9.3492*+00 1.09770 1.00725 0.93217 0.97557 1.09528 0.97773
36 1.9020'-02 9.9808-+00 1.04111 1.00484 0.96434 0.99836 1.04929 0.9a063
37 1.9700w-OZ 1.0276"+01 1.01499 1.00463 0.97976 0.93432 1.02994 0.97959
38 2.0470"-02 1.0383" 01 1.01040 1.00276 0.98509 0.99551 1.02128 0.98490
39 2.1250"-02 1.0433. 01 1.00677 1.00196 0.98757 0.97612 1.01737 0.98573
40 2.2210"-02 1-0584.5)1 1.00604 1.00337 0.99503 1.00000 1.01002 0.99607
41 2.31701-02 1.0634".01 1.00121 1.00193 0.99751 1.00000 1.00'99 0.99624

3 42 2.4420"-02 1.0685"+01 1.00000 1.00000 1.00000 1.00000 1.00050 1.00000
43 2.6160"-02 1.06851-01 1.00000 1.000)0 1.00000 1.00000 1.000)0 1.00000
44 2.8320"-02 1.0683"501 1.00000 0.99602 1.00000 0.99801 0.996)2 1.00200
45 3.1090--02 1.0635"01 1.00000 0.99602 1.00000 0.q9801 0.99s02 1.0)200
46 3.4520--02 1.0736'01 1.00000 0.99832 1.00249 1.00000 0.99505 1.00498
47 3.8460'-02 1.0838'.01 1.00000 0.99827 1.00746 1.00199 0.99918 1.01295
48 4.1910 -02 1.0830*01 1.00000 1.00025 1.00746 1.03299 0.93115 1.01194
49 4.5720--02 1.0838"*01 1.00000 0.998-7 1.00746 1.00199 0.99918 1.01295



12A-I10 7904-(-4

7)040323 SE
T

TLE5 '9F!L E TASULATTN 36 POINTS, DELTA AT POINT 31

S72/ P/P3 T0/T C M/m3 U/UO T/T3 R/RD0U/Uo

0 0.0002".00 1.0000-.30 2.60179 1.039 t5 0.03000 0.00000 2.71401 0.00000

2 9.3750'-04 2.1354".00 2.71C93 1.04050 0.33399 0.57376 2.15575 0.71154

3 1.5220"-03 2.21 M"+00 2.68393 1.03572 0.33937 0.59559 2.15074 0.73C90

4 2.0690"-03 2.2771"00 2.6o999 1.041,7 0.43677 0.59592 2.14630 0.74133
5 2.6240"-03 2.4075"-00 2.6448 1.04035 0.42298 0.61412 2.10793 0.77049

6 3.2840"-03 2.5324- 00 2.64334 1.03414 0.43779 0.62873 2.06254 0.80573
7 3.9270--03 2.67d5. *0 Z.42746 1.032'3 0.45435 0.64622 2.01222 0.83934

8 4.5310--03 2.7915".00 2.52140 1.03300 0.46659 0.65934 1.99603 0.8f605
9 5.4000"-03 3. 0313-+00 2.62153 1.v3063 0.49172 0.63420 1.93611 0.92641

10 6.3020"-03 3.1555--00 2.60946 1.02897 0.50405 0.63533 1.93567 0.95239
11 7.2920--03 3.52-0"+00 2.60511 1.02924 0.53895 0.72913 1.83025 1.03732
13 9.3920"-03 3.4361-.90 2.6 700 1.027O3 0.51526 0.7513 1.75019 1.13350
13 9.6010"-03 4. 4073"+00 2. S59 73 1.02479 0.61403 0.73215 1.65431 1.23737
14 1.0310"-02 4.6879"+00 2.6G135 1.02631 0.63543 0.40994 1.62238 1.2'867
15 !.1 60"-02 5.1564"00 2.40350 1.02527 0.67078 0.83559 1.55176 1.40192
16 1.3161"-02 5.4679',)0 2.60919 1.02502 0.69299 0.85119 1.52572 1.' 7234
17 1.4420"-02 5.9632"+0 2.61534 1.02231 0.72048 0.86869 1.45314 1.5,231
10 1.5460"-02 6.1331"+00 2.60754 1.01995 0.73810 0.87893 1.41799 1.61626

19 1.6310"-02 6.2'464".00 2.60242 1.01666 0.74551 0.45221 1.43036 1.63949
20 1.7200"-02 6.4313"+00 2.60414 1.0103C 0.76036 0.86887 1.34590 1.69'91
31 1.8270-02 6.5595-.00 2.54923 1.00857 0.74560 0.80095 1.3S428 1.70340
22 1.9010"-02 6.1336"+00 2. 56555 1.0101 3 0.74806 0.83314 1.35221 1.69455
23 1.9950"-02 6.q15"+O-3 2.44237 1.00636 0.75'30 0.90298 1.31378 1.761T7

24 2.1080"-02 7.677"+0 2.13436 1.00632 0.332)2 0.92803 1.24142 1.53503
25 2.2230"-32 8. 9'."30 1.31104 1.004'1 0.8)03 0.95567 1.15203 1.25426

24 2.3000"-02 3.3729'00 1.3150 1.0n4!5 0.57275 0.96692 1.17718 1.05448
27 2.3740"-02 9.34)Z",00 1.15152 1.0026 0,92527 0.97028 1.09965 1.01631
28 2.4450 -02 1,0227"*01 1.05976 1.00094 0.17004 0.9387 1.03815 1.00863
29 2.5320"-02 1.)483"01 1.03634 1.00113 0.95273 0.90364 1.02214 1.03706

30 2.6620"-02 1.3615"-O1 1.01023 0.99975 0.99?40 0.90702 1.00893 0.93833
1 11 2.8700"-02 1.0333".01 1.32OOO 1.000:. 1.01000 1.00000 1.00000 1.00000
32 3.1650--02 1.047".+31 1.00000 0.)99)1 0.98753 0.90901 1.00296 0.93606
33 3.3680"-02 1.0757".01 1.05000 0.99702 9.49753 0.99801 1.00096 0.99705
34 3.8100"-02 1.0787"+1 1.300O0 0.99991 0.997;3 0.93901 1.00296 0.99626
35 4.1910"-02 1.Q7i7".01 1.00000 0.995)3 0.99753 0.99702 0.99897 0.99905
34 4.5720"-02 1.03787+01 1.000)0 0.995)3 0.91753 0.99702 0.99897 0.9*)01



7904-C-5 12A- I

79040317 SETTLES PROFILE TASULATION 63 POINTS, DELTA AT POINT 28

I PT2/P P/Pa TO/TOO M/m0 U.UO T/T0 R/RO*U/U0

1 0.0000--00 1.0000"+00 0.97192 1.04032 0.00000 0.00000 2.04036 0.00000
2 4.9990"-04 2.4812"-00 1.03984 1.01935 0.55960 0.69279 1.53817 0.46834
3 9.5450--04 2.7686"-00 1.02527 1.01541 0.60055 0.73035 1.47901 0.506Z9
4 1.5480--03 2.9081-+00 1.02138 1.0177? 0.61970 0.74830 1.45911 0.52417
5 2.1410--03 3.0318-.00 1.01652 1.021ZO 0.63611 0.76391 1.44215 0.53845
6 2.6950-03 3.15595.00 1.01049 1.02106 0.65207 0.77750 1.42171 0.55273
7 3.6530-03 3.3906"-00 1.010S9 1.01871 0.68126 0.80080 1.39174 0.58576
8 4.3840-03 3.4019"+00 1.00777 1.02014 0.68263 0.10248 1.38196 0.58519
9 5.2350--03 3.6214"+00 1.00194 1.01621 0.70862 0.92165 1.34446 0.61233

10 6.0270--03 3.5783-+00 0.99417 1.01554 0.70360 0.81741 1.34967 0.60211
11 6.6500"-03 3.?605" 00 0.99320 1.01582 0.72458 0.83380 1.32419 0.62538
12 7.6070"-03 3.9651"400 0.99028 1.01371 0.74735 0.8SOO 1.29369 0.65070
13 .3310"-03 4.0699".00 0.99T77 1.01264 0.75878 0.95799 1.27859 0.66256
14 9.2d90"-03 4.2368"-00 0.98445 1.01428 0.77656 0.97147 1.25938 0.68123
15 1.0150"-02 4.4078".00 0.96348 1.01201 0.79435 0.98296 1.23554 0.702a2
16 1.1140"-02 4.6558"00 0.98251 1.01405 0.81943 0.91090 1.23875 0.73228
17 1.2230--02 5.0164"00 0.99348 1.01327 0.95494 0.92342 1.1T771 0.?7773
18 1.3340--02 5.1905".00 0.98445 1.01356 0.87095 0.93390 1.14976 0.79962
19 1.4430--02 5.5437"-00 0.9 834 1.01103 0.90333 0.95229 1.11134 0.84689
20 1.5430"-02 5.7589'+00 0.99125 1.01014 0.92249 0.96299 1.09976 0.87594
i1 1.6540--02 6.0211*+00 0.99223 1.008;? 0.94528 0.97525 1.06442 0.90911
2? 1.7720--02 6.3225-.00 0.99125 1.00T79 0.9T082 0.98863 1.03703 0.94499
23 1.8880"-02 6.5206-+00 0.99320 1.00763 0.98723 0.99T1 1.02032 0.97070
24 2.0070--02 6.5595-+O0 0.99514 1.00496 0.99042 0.99755 1.01444 0.97857
25 2.1150"-02 6.6771.00 0.99708 1.00446 1.00000 1.03223 1.00446 0.99487
26 2.2250--02 6.6771" Oo 0.99806 1.00022 1.00000 1.00011 1.00022 0.99795
27 2.3340-02 6.6771"00 0.99903 1.00335 1.00000 1.00167 1.00335 0.99736

D 28 Z.4430-02 6.6771"O00 1.00000 1.00O1 1.00000 1.00000 1.00000 1.03000
29 Z.5430--02 6.5378-.00 1.00097 0.99565 0.99611 0.99621 0.99800 0.99533
00 2.6420"-02 6.6771"-00 1.00194 0.998-4 1.00000 0.99922 0.99844 1.002T3
31 2.7410"-02 6.6378--00 1.00389 0.99523 0.99681 0.99539 0.99835 1.00151
32 2.8630"-02 6.5986--00 1.00583 0.99634 0.99362 0.99521 1.00320 0.997F1
33 2.9670"-02 6.6378-+00 1.00777 0.99510 0.99681 0.99632 0.99902 1.00505
34 3.0380--02 6.5986.*00 1.00777 0.99761 0.9362 0.99554 1.00388 0.9994C
85 3.1450--02 6.6379" 00 1.0875 0.91635 0.99681 0.99654 0.99947 1.00579
36 3.2160-02 6.6378-+00 1.01069 0.99635 0.99681 0.99654 0.99947 1.00773
37 3.3050--02 6.6378" 00 1.01059 0.99613 0.99681 0.99643 0.99925 1.00784
89 3.3930"-02 6.6771"+00 1.00875 0.99339 1.00000 0.99699 0.99399 1.01179
39 3.4800"-02 6.5986-+00 1.00777 0.994)4 0.99362 0.99376 1.00028 1.00120
40 3.5830"-02 6.6373*+00 1.01777 0.99412 0.99681 0.99543 0.99724 1.00595
41 3.6d00"-02 6.6771"*00 1.00583 0.99399 1.00000 0.99999 0.99399 1.00897
42 3.7390"-02 6.5996"-30 1.00389 0.99404 0.99362 0.99376 1.00028 0.99734
43 3.8280-02 6,6771"+00 1.0 C292 0.99399 1.00000 0.99699 0.99399 1.00594
44 3.9370 -02 6.6378+00 1.01194 0.9941i 0.99631 0.99543 0.99724 1.00013

45 4.0340--02 6.6378"-00 1.0^000 0.99412 0.99681 0.99543 0.99724 0.99819
46 4.1250"-02 6.671?+00 0.91806 0.99393 1.00000 0.99699 0.99399 1.00107
47 4.Z110"-02 6.5986"00 1.00097 0.994C4 0.99362 0.993?6 1.00028 0.99444
48 4.30501-02 6.5986"+00 1.00292 0.99434 0.99362 0.99376 1.00028 0.99637
49 4.3990--02 6.5986"-00 0.99806 0.99404 0.99362 0.99376 1.00028 0.99154
50 4.4960"-02 6.67714'00 0.99611 0.99393 1.00000 0.99699 0.99399 0.99912
51 4.5900--02 6.63?8"+00 1.00000 0.99412 0.99681 0.99543 0.99724 0.99819
52 4.6890--02 6.5986400 1.00292 0.99404 0.99362 0.99376 1.00028 0.99637

53 4.7980"-02 6.6378-+00 1.00097 0.99412 0.99681 0.99543 0.99724 0.99916
54 4.9050-02 7.0829"00 0.94140 0.99346 1.03238 1.01304 0.96290 0.99043
55 5.0010-02 7.7986'+00 0.84636 0.99416 1.08710 1.03857 0.91271 0.96306
56 5.0770 -2 6.4432"+00 0.68659 0.)9339 0.98085 0.98707 1.01272 0.66920
57 5.1130"-02 6.8755*.00 0.61058 0.09423 1.0156 1.00513 0.97879 0.62732
58 5.2070-02 9.3020i+00 0.45403 0.99401 1.19380 1.09271 0.82255 0.59764
59 5.2860'-02 1.0079-+01 0.41701 0.99413 1.24533 1.10177 0.78274 0.58697
s0 5.4310--02 1.0504" '1 0.39815 J.99319 ? .27770 1.11292 0.75870 0.58404
61 5.6290*-02 1.0940 01 0.38230 0.99331 1.30005 1.12028 0.74256 0.57T51
62 5.9060-02 1.1050-01 0.3T938 0.993J0 1.30659 1.02251 0.73774 0.57816
63 6.3500"-02 1.1102-.01 0,37998 0.99334 1.31008 1.12362 0.T3541 0.58041



12A-12 7904-C-6

7)040409 SETTLES ROFILE TA3ULATI3N 99 POINTS, DELTA AT POINT 32

0 PT2/P 0/P3 TO/T31 M/83 U/UO T/To R/RO*U/Uo

1 0.0300"*00 1.1000".00 1.07342 1.04003 0.00000 O.OOOC 1.33956 0.00000
2 1.3330-03 1.2369-+00 1.04931 1.0129t 0.46633 0.51672 1.22779 0.44182
3 1.4210"-03 1.2645-.00 1.04640 1.01245 0.49075 0.54193 1.21346 0.46520
4 1.5550--03 1.2920"00 1.03735 1.012 3 0.51350 0.56520 1.21149 0.43396
5 1.6440-03 1.3023"*00 1.03E21 1.01167 ).52167 C.57344 1.20432 0.49271
6 1.7330"-03 1.3106"-+00 1.03011 1.01113 0.52817 0.57990 1.20549 0.4)938
7 1.7993"-03 1.3364-+00 1.03510 1.01106 0.54757 0.5)962 1.19870 0.51778
8 1.9320"-03 1.3493+00 1.03210 1.01016 0.55742 0.60915 1.19422 0.52645
9 2.0210"-03 1.3730"+30 1.02995 1.00962 0.57375 0.62530 1.13778 0.54221

10 2.132"-03 1. 3837"+00 1.02759 1.0292) 0.58508 0.63645 1.14331 0.55270
11 2.2210-03 1.4046"+00 1.02547 1.00372 0.59492 0.64599 1.17905 0.56206
12 2.3540-03 1.3947"-30 1.02372 1.00856 0.53342 0.63936 1.13065 0.55438
13 2.4430-03 1.4351"+00 1.02233 1.0081 0.614 2 0.66489 1.17104 0.53045
14 2.5760"-03 1.4617".20 1.02050 1.00768 0.63067 0.69056 1.16449 0.59641
15 2.6640"-03 1.5094"+00 1.01943 1.00691 0.65833 0.73630 1.15238 0.625D2
16 2.8420"-03 1.5330--00 1.01717 1.005)3 0.67142 0.71902 1.14633 0.63773
17 2.9770"-03 1.5511-.00 1.014)2 1.00552 0.6q117 0.72307 1.14244 0.6'630
18 3.13203-03 1.6116"0 1.01224 1.00511 0.71209 0.75683 1.12962 0.67818
19 3.2870--03 1.6535" DC 1.0"923 1.00437 0.73483 0.77751 1.11952 0.70091
20 3.4210"-03 1.6620".00 1.036-4 1.00376 0.736350 0.77830 1.11817 0.70038
21 3.5760-03 1. 5974 "U9 1.00623 1.00313 0.75273 0.7)334 1.11076 0.71860
22 3.7540"-03 1.6867"+00 1.00849 1.002 7 0.7472 0.73366 1.11192 0.71529
23 3.)523--03 1.7569".00 1.01020 1.00136 0.77833 0.91629 1.09850 0.75067
24 4.1300--03 1.3278.0Oc 1.0C932 1.00141 0-90933 0.84198 1.03565 0.78254
25 4.2180"-03 1.4130" 00 1.0035 1.00023 0.8033 0.96993 1.070.1 0.81925
26 4.4550"-03 1.9703"+00 1.00633 0.39950 0.96167 0.83738 1.06057 0.84200

27 4.6,3"-03 2.0545"+90 1.00423 0.99914 0.89033 0.31210 1.0432 0.e7361
3 4.3410-03 2.14.42*0 0.90656 1.30061 0.92000 0.93650 1.03619 0.90078

29 5.0850"-03 Z.1641"430 0.93410 0.9993. 0.9:667 0.94135 1.03194 0.93633
30 5.2303-03 2.2279" 00 1.03140 1.000:3 0.94667 0.95739 1.02407 0.93678
31 5.4200"-03 2.3077"+00 1.0 236 0.99951 0.97083 0.97649 1.01253 0.96709
32 5.7070"-03 2.4075"+00 1.01030 1.000'1 1.00000 1.03000 1.00000 1.00000

33 5.9310--03 2.4603"00 0.91914 0.99943 1.01500 1.01131 0.99274 1.017R3
34 6.1293"-03 2.5568"+00 0.93031 0.39831 1.0416T 1.03102 0.97957 1.05072
35 6.3530--03 2.6311"+00 ,q.9633 0.99839 1.06167 1.04605 0.97030 1.07324
36 6.6190"-03 2.7323"'+00 0.9122 0.995? 1.03833 1.06495 0.95750 1.10435
37 6.860--03 2.8145"+00 0.99523 0.99561 1.10917 1.07934 0.94693 1.1344'

38 7.1960"-03 2.9559"+00 0.91420 0.994,') 1.14417 1.10373 0.93057 1.17921
39 7.4d50--03 3.0318"-00 0.99173 0.99317 1.16250 1.11553 0.92032 1.23144
40 7.7950"-03 3.2060"+00 3.9,04 0.992j9 1.20333 1.14316 0.90249 1.25444

41 3.0190.-03 3.3382"-00 0.9i933 0.9317b 1.23333 1.15239 0.88326 1.23526
42 8.3740"-03 3.4703-+00 0.9075i 0.991:1 1.25250 1.13097 0.57501 1.33343
43 8.6410"-03 3.5395-+00 0.98755 0.9904 1.27750 1-18985 0.86749 1.35452
44 8.9290"-03 3.6371-+00 0.98433 0.93913 1-2333 1.20273 0.85922 1.37951
45 9.3730.-03 3.620"+30 0.97631 0.907 1.34500 1.23154 0.83841 1.43435
46 9.5960"-03 3.,9195"+00 0.97351 0.99023 1.35667 1.23849 0.83337 1.446'8
47 9.8500-03 4,12)4"+00 0.97232 0.989i4 1.393j3 1.26272 0.81545 1.53595
43 1.0220-02 4.1123"-00 0.9705 0.989,2 1.39530 1.26070 0.81683 1.49728

49 1.0570"-02 4.3591"+00 0.9o3)3 0.98V9 1.44250 1.28745 0.79658 1.56140
50 1.0900"-02 4.4836"-00 0.96071 0.98912 1.46533 1.30037 0.73698 1.58743
51 1.1310"-02 '.6558"+30 0.95545 0.98:3 1.49750 1.31685 0.77329 1.62706
52 1.1700-02 4.7202.+00 0.9514 0.9882 3 1. 5917 1.3Z299 0.76849 1.63801

53 1.2080--02 4.34)7"30 3.94633 0.93811 1.50300 1.34432 0.75222 1.69123
54 1.2530"-02 S.1554"+00 0.93903 0.98742 1.59593 1.36239 0.73773 1.73375
55 1.2880"-02 5.2935"30 0.93195 0.98735 1.60917 1.37357 0.72861 1.75635
56 1.3330"-02 5.5437"+00 0.92100 0.93706 1.63033 1.39360 0.71264 1.8010S
5? 1.3700"o-02 5.9316"00 0.90933 0.98821 1.69750 1.41574 0.69558 1.85132
58 1.4020"-02 5.9840+00 0.90135 0.98810 1.72157 1.42656 0.64657 1.87284
59 1.6530"-02 6.1703"+00 0.89418 0.987)4 1.75033 1.43933 0.67532 1.99308
60 1.4900"-02 6.5206"+00 0.85423 0.98724 1.30417 1.46146 0.65618 1.9J256
60 1.5370--02 7.0013".00 0.81194 0.Q8573 1.75300 1.49926 0.63036 1.91670
62 1.5790"-02 7.2373"+00 0.76664 0.98436 1.91533 1.53445 0.61665 1.87039
63 1.6170"-02 7.67)7"+00 3.72574 0.38416 1.96917 1.52313 0. 5834 1.84675
64 1.6660-02 7.5019-00 0.72031 0.98216 1.94533 1.51430 0.60364 1.83252
65 1.1100-02 7.8416'-00 0.66778 0.99243 1.992,0 1.5 194 0.54037 1.73169
66 1.7550-02 9.3020"00 0.53391 0.99135 2.13117 1.59219 0.53315 1.59497
67 1.7810-02 4.78i2.+00 0.49216 0.93014 2.24013 1.60979 0.51608 1.33518
68 1.790-02 1.0227-.01 0.46392 0.97333 2-21333 1.6 385 0.50137 1.50225
69 1.3150"-02 1.0227"+01 0.45953 0.978) 2.21333 1.62335 0.50137 1.43834
70 1.3460"-02 1.9685".01 0.43323 0.97675 2.34667 1.63678 0.4649 1.45759
71 1.8360-02 1.1414--31 0.40221 0.97611 2.43917 1.65778 0.4657I 1.43167

72 1.9230"-02 1. 2007.1 0.3MC95 0.97433 2.40417 1.67232 0.44956 1.41672
73 1.9610"-02 1.0450". 31 0.35722 0.9740 2.54167 1.A3s3 0.43879 1.40901
74 2.0140"-02 1.23 3--01 0.35466 0.97345 2.59833 1.69333 0.42800 1.40317
75 2.081 "-o2 1.3467".1 0.34113 0.97161 2.64750 1.73464 0.41457 1.4J241
76 2.1410"-02 1.3996.0 1 0.32975 0.969)6 2.70013 1.71433 0.40290 1.4Z311
77 2.2030-02 1.4289".01 0.32170 0.969'7 2. '30 1.71918 0.30657 1.3*44

73 2.2743"-02 1.4535"01 0.3173' 0.96731 2.7417 1.7 241 0.31110 1.33975
79 2.3343)-02 1.4654-.01 0.31677 0.9662? .7153 1.7:433 0.-0854 1.43555
30 2.6430"-02 1*66564.01 3.31655 0.966:7 2. 76543 1 . 72433 0.34554 1.40460
11 2.4330-02 1. 414 11 0.31601 0.96631 2.77167 1.72564 C. 337s3 1.43682
92 2.5730-02 1.'774".91 7.31516 0.96535 2.777 0 1.7Z564 0.33601 1.40831



7904-C-7 12A- 13

79040411 SETTLES PROFILE TABULATION 96 POINTS. DELTA AT POINT 70

I y PTZ/P P/Po TOTOO M/ND U/UD T/TD R/RD*U/UD

1 O.000000 1.0000.400 1.21286 1.03997 0.00000 0.00000 2.00859 0.00000
2 4.S690m-04 1.2960-+00 1.24924 1.03315 0.28735 0.39115 1.85293 0.26371
3 6.8610-04 1.3064*+00 1.23833 1.03Z13 0.29189 0.39668 1.84638 0.26597
4 9.2940n-04 1.3320-#00 1.22498 1.030S4 0.30273 0.40996 1.83304 O.ZT385
S 1.0620*-03 1.3801-+00 1.21771 1.02972 0.32173 0.43332 1.8139Z 0.29089
6 1.1730--03 1.3947"+00 1.21225 1.02840 0.32720 0.43973 1.80614 0.29514
7 1.39400-03 1.4248-400 1.20592 1.02830 0.33804 0.45291 1.79501 0.30425
8 1.68100-03 1.4351*+00 1.20146 1.02757 0.34166 0.45711 1.79002 0.30661
9 1.9690-03 1.4754' 00 1.19369 1.02653 0.35524 0.47316 1.77412 0.31836

10 2.19000-03 1.48944+00 1.18557 1.02520 0.35978 0.47825 1.76703 0.32088
11 2.47801-03 1.5450"-00 1.18047 1.02346 0.37697 0.49806 1.74565 0.33681
12 2.6540--03 1.5792Z.00 1.17914 1.022?7 0.38693 0.50946 1.73362 0.34652
13 2.89801-03 1.6246"+00 1.16932 1.02179 0.39958 0.52374 1.71799 0.35647
14 3.0760*-03 1.6347-+00 1.16543 1.02086 0.40232 0.52662 1.71338 0.35820
15 3.29701-03 1.6551=*00 1.16107 1.01935 0.40774 0.53237 1.70479 0.36258
16 3.4950'-03 1.6902*-00 1.15937 1.01815 0.41677 0.54223 1.69261 0.37140
17 3.6730"-03 1.7230*400 1.15791 1.01725 0.42493 0.55108 1.60107 0.37940
18 3.8940-03 1.8197-+00 1.15149 1.01600 0.44754 0.S7554 1.65378 0.40073
19 4.0490-03 1.8278".00 1.14542 1.01535 0.44935 0.S?731 1.65062 0.40062
20 4.2240--03 1.464-+00 1.14154 1.01467 0.45343 0.58152 1.64477 0.40360
21 4.42S0I-03 1.8631-+00 1.14372 1.01397 0.45704 0.58517 1.63925 0.40828
22 4.6230-03 2.0107-+00 1.14409 1.01339 0.4S703 0.61682 1.60405 0.43995
23 4.7350--03 2.0203-+00 1.14227 1.01314 0.48988 0.61848 1.60050 0.44141
24 4.9990-03 2.0447-+00 1.13826 1.01378 0.49351 0.62346 I.59598 0.44466
25 5.1540'-03 2.12511+00 1.13911 1.01350 0.50834 0.63852 1.57774 0.46100
26 5.3090--03 2.2091-#00 1.13996 1.01264 0.52317 0.65313 1.55851 0.47773
27 5.5520-03 2.2279-400 1.13960 1.01125 0.52641 0.65589 1.55244 0.48147
28 5.7S10=-03 2.2279= 00 1.13814 1.01023 0.52641 0.65556 1.55087 0.48110
29 5.9510"-03 2.3671u 00 1.13669 1.00877 0.54958 0.67770 1.52057 0.50661
30 6.0600"-03 2.4812+00 1.13523 1.0005 0.56766 0.69496 1.49884 0.52637
31 6.2610*-03 2.5233"+00 1.13244 1.00928 0.57414 0.70116 1.49141 0.53240
32 6.4360-03 2.5568400 1.13014 1.00899 0.57924 0.70581 1.48477 0.53723
33 6.7030"-03 2.65314+00 1.13159 1.01041 0.59361 0.71953 1.46929 0.55416
34 6.9010-03 27556=+00 1.13231 1.00976 0.60843 0.73271 1.45021 0.57234
35 7.1220"-03 2.8510"400 1.13354 1.00802 0.62187 0.74400 1.43132 0.58921
36 7.34301-03 2.90811+00 1.13123 1.00823 0.62975 0.75097 1.42202 0.59740
37 7.4980"-03 3.0318400 1.12966 1.00711 0.64643 0.76491 1.40017 0.61713
38 7.7650-03 3.0562"-00 1.12699 1.00655 0.64968 0.76746 1.39547 0.61981
39 8.0090*-03 3.1951.*00 1.12456 1.00632 0.66775 0.78251 1.37328 0.64079
40 8.23001-03 3.2314"+00 1.12311 1.00672 0.67238 0.78650 1.36824 0.64559
41 8.4510--03 3.2716*400 1.12347 1.00594 0.67748 0.79037 1.36104 0.65241
42 8.7150-03 3.4284+00 1.12383 1.00625 0.69694 0.80620 1.33811 0.67710
43 9.0470--03 3.63?1"+00 1.12371 1.00516 0.72196 0.82535 1.30689 0.70966
44 9.26801-03 3. 648'*00 1.12359 1.00475 0.72521 0.82767 1.30253 0.71396
45 9.5120*-03 3.7485"+00 1.12335 1.00504 0.73494 0.83520 1.29144 0.72649
46 9.8220.-03 3.9195*+00 1.12311 1.00552 0.75440 0.84992 1.2692S 0.75206
47 9.9970"-03 4.0236"*00 1.12286 1.00514 0.76599 0.85822 1.25531 0.76766
48 1.0310-02 4.08261+00 1.12032 1.00533 0.77247 0.86298 1.24805 0.77466
49 1.05301-02 4.1764- 00 1.11850 1.00464 0.78267 0.86995 1.23547 0.78758
50 1.0820-02 4.3108-*00 1.11607 1.00491 0.79703 0.88013 1.21939 0.80556
51 1.1020"-02 4.4389",00 1.11449 1.00433 0.81047 0.88910 1.20343 0.82339
52 1.1350--02 4.6192-+00 1.11170 1-00442 0.82901 0.90160 1.18281 0.84740
53 t.1570"-0Z 4.6558"+00 1.10999 1.00339 0.93272 0.90382 1.17806 0.85151
54 1.1920"-02 4.9835"+00 1.10673 1.00410 0.85542 0.91865 1.15329 0.88156
55 %.2120*-02 4.9497-+00 1.10491 1.00429 0.86191 0.92286 1.14642 0.88944
56 1.2230"-02 4.9165"+00 1.10382 1.00418 0.85867 0.92073 1.14984 0.88390
57 1.2520=-02 5.0885".00 1.10067 1.00292 0.87535 0.93060 1.13023 0.90626
58 1.2670*-02 5.1564"#00 1.09885 1.00254 0.88194 0.93448 1.12296 0.91442
59 1.2920*-02 5.1905-#00 1.09512 1.00133 0.89508 0.93614 1.11870 0.91699
60 1.32500-02 5.2935"+00 1.08937 1.00127 0.89481 0.94178 1.10774 0.92659
61 1.3470--02 5.5437-+00 1.08514 1.000'T 0.91798 0.95528 1.08293 0.95724
62 1.36200-02 5.5437=400 1.08150 1.00 . 0.91798 0.95517 1.09268 0.95414
63 1.38300-02 5.6866-+00 1.07447 1.00061 0.93045 0.96270 1.06936 0.96730
64 1.4Z200-02 5.8316"+00 1.05931 1.00051 0.94393 0.97001 1.05601 0.97303
65 1.44406-02 5.9417-+00 1.05341 1.00050 0.95366 0.97543 1.04617 0.98236
66 1.46704-02 6.0Z11-400 1.04876 1.0001A 0.96061 0.97908 1.03882 0.98844
67 1.49506-02 6.0957-+00 1.04124 1.00014 0.96710 0.98262 1.03236 0.99107
68 1.5310-02 6.2844-"00 1.02959 1.00044 0.98332 0.99148 1.01666 1.00409
69 1.5550--02 6.3608*+00 1.02098 1.00045 0.99981 0.99491 1.01034 1.00539

0 70 1.5930--02 6.4018'.00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
71 1.61500-02 6.6378400 0.98381 0.99975 1.01297 1.00653 0.98732 1.00499
72 1.64100-02 6.6378--00 0.96689 0.99777 1.01297 1.00553 0.98536 0.98668
?3 1.65700-02 6.7165w*00 0.954?6 0.99677 1.01946 1 00830 0.97822 0.98412
74 1.6860--02 6.7560-400 0.93475 0.99465 1.02271 1.00806 0.97310 0.96910
75 1.6940--02 6.7560-*00 0.92929 0.99421 1.02271 1.00863 0.97267 0.96365
76 1.7170-02 6.71653400 0.91073 0.99348 1.01946 1.00664 0.97500 0.94029
77 1.7320*-02 6.5206".00 0.89727 0.99313 1.00324 0.99823 0.99003 0.90470
78 1.T540*-02 6.7957-.00 0.87726 0.99321 1.02595 1.00974 0.96863 0.91447
79 1.76101-02 6.6378= 00 0.86756 0.99295 1.01297 1.00310 0.98059 0.80747
90 1.T760-@2 6.5986-400 0.84694 0.99270 1.00973 1.00133 0.93342 0.86236
81 1.7960-02 6.6378"00 0.81941 0.99251 1.01297 1.00288 0.98016 0.83839
52 1.8180-02 6.71651400 0.79102 0.99217 1.01946 1.00598 0.97372 0.81723



12A-14 79034-('-8

70040412 SETTLES PROFIL TABULATION 97 POINTS, DELTA £7 P0INT 72

1 y *TZ/P P9P9 TO/Tr, M/M U/UO T/TO R/PO*U/UO

1 0.0000+00 1.0000+00 1.20030 1.03935 0.00000 0.03000 2.12591 0.00030

2 4.4 2
7
0
W-

0 4  
1.3299".00 1.41412 1.04524 0.2S503 0.40004 1.96920 0.23TZ

3 5.7560'-04 1.3613-+00 1.40643 1.04014 0.23702 0.41445 1.94694 0.23939

4 7.5230"-04 1.3971*)00 1.39746 1.03571 0.30985 0.42932 1.92437 0.31214

5 9.7360--04 1.4644-.00 1.37825 1.035to 0.;3201 0.45755 1.89841 0.33218

6 1.1730-03 1.4617"-00 1.37056 1.0351: 0.33120 0.45635 1.8353 0.32945

7 1.3280"-03 1.4951"*00 1.36544 1.03518 0.34149 0.45903 1.89645 0.33949

8 1.5040"-03 1.5390--00 1.353)1 1.03515 0.35431 0.49462 1.8084 0.35072
9 1.7260-03 1.5634"+00 1.35135 1.03516 0.26114 0.49285 1.86247 0.35760

10 1.810*-03 1.5822-+00 1.34623 1.03531 0.35626 0.49902 1.85639 0.36189
11 2.1460.-03 1.6015" OC 1.33726 1.03515 0.31138 0.50529 1.84970 0.36516

12 2.4340-03 1.6230"+00 1.32573 1.03334 0.37825 0.5127R 1.83782 0.36990
13 2.7660-03 1.6724" 00 1.30903 1.03162 0.3593Z 0.52534 1.82082 0.37770

14 3.1620"-03 1.7342'*0C 1.30396 1.0289 0.47 3 0.54148 1.79731 0.33284

15 3.3170'-03 1.7633-+00 1.29583 1.02820 0.41155 0.55003 1.78617 0.39996

16 3.6070"-03 1.a151" 00 1.29243 1.02731 0.42134 0.56129 1.77048 0.4 974

1? 3.8940'-03 1.8401--03 1.28346 1.02666 0.42696 0.55693 1.76312 0.41269

18 4.3360"-03 1.9356"-00 1.27757 1.02653 3.44505 0.5R794 1.73313 0.43215

19 4.5800-03 2.0035-+0C 1.27141 1.02537 0.45844 0.60126 1.71857 0.44495

20 4.9100'-03 2.0107--30 1.26502 1.02535 0.45996 0.63266 1.71679 0.44407

23 5.3090-03 2.1072"00 1.25951 1.02377 0.47702 0.6Z032 1.63101 0.46203

22 5.5960-03 2.Z279"+0 1.25605 1.02274 0.49716 0.64099 1.66192 0.43440
23 5.8390'-03 Z.2469-+00 1.25293 1.02203 0.50022 0.643S2 1.65654 0.43697

24 6.1060'-03 2.3077"00 1.25 03 1.01919 0.50935 0.65291 1.63935 0.41767

25 6.4920"-03 2.3671-+10 1.2.619 1.019;2 0.51904 0.6179 1.62573 0.54729

26 6.7460--03 2.44353+ 1.24416 1.019 3 0.53129 0.67392 1.60599 0.52110

27 7.0330--03 2.55 S"+)0 1.24C17 1.013!3 0.54705 0.6837 1.50571 0.5j876

28 7.36603-03 2.732Z3*'0 1.2347) 1.01852 0.57155 0.7L21q 1.55250 0.56641

29 T.5210-03 2. 30144-00 1.23415 1.01340 0.55074 0.72060 1.53963 0.07762
30 7.7420--03 2.9031".00 1.23312 1.01793 0.5)475 0.73316 1.51960 0.53434
31 8.0290--03 2.744'*00 1.23120 1.01633 0.59037 0.72883 1.524605 0.53870

32 8.2300--03 3.0318-+00 1.226 1.0163; 3.61050 0.74633 1.49637 0.61332

33 8.4710-03 3.1305"00 1.22621 1.01634 0.62276 0.75753 1.47964 0.62778
34 8.7310-03 3.1555 "+40 1.22433 1.016:Z 0.62532 0.7602 1.47484 0.63123

35 9.1140"-03 3. 2974"- 0 1.2230 1.01619 0.6428) 0.77442 1.45135 C.65319
36 9.4230"-03 3.3644-+00 1.22416 1.01537 0.65077 0.70070 1.43920 0.66405
37 9.7330-33 3.4856"4-0 1.22198 1.0143s 0.65477 0.79207 1.41967 0.68178
38 1.0110"-02 3.720443f 1.21929 1.014 0.63123 0.81237 1.34408 0.71618
39 1.0180-02 3.7767",00 1.21916 1.01452 0.69716 0.31774 1.375 5 0.72461
40 1.0310-02 3.9351"00 1.21830 1.01433 0.71422 0.83054 1.35322 0.7483a
41 1.0710-02 3.9313-+00 1.21815 1.013,3 0.719)4 0.83409 1.34562 0.75538
42 1.0970"-02 4.06 9*00 1.218S5 1.0135, 0.72823 0.04091 1.33343 0.76853
43 1.1130-02 4.1393"300 1.2155 1.01357 0.74040 0.R5001 1.31771 0.73611

44 1.1370"-02 4.3693 +0 1.21865 1.01324 3.72823 0.94080 1.3330S 0.7b863

45 1.1720-02 4.4523"t00 1.21865 1.01377 0.76674 0.98985 1.21410 0.82457
46 1.2013"-02 4.4073.30 1.21634 1.013-4 0.76236 0.93571 1.28951 0.81659

47 1.2210-02 4.6192"+00 1.21448 1.01434 0.702)3 0.85033 1.24429 0.84579
48 1.25006-02 4.7851"+00 1.21455 1.01336 0.73949 0.99034 1.24407 0.86970

49 1.2830-02 4.7851"00 1.21570 1.01420 0.79863 0.59095 3.24437 0.87042
50 1.2980"-02 4.9165"+00 1.21583 1.01443 0.81094 0.839918 1.22945 0.88921
51 1.3210"-02 5.0164"+30 1.21533 1.01458 0.82013 0.93524 1.21832 0.90339
52 1.3380-02 5.05001+00 1.215q3 1.01475 0.82319 0.90730 1.21478 0.90839
53 1.3570"-02 5.1305"00 1.21532 1.01427 0.83539 0.91521 1.19879 0.93783
54 1.3850"-02 5.2591".00 1.21450 1.01437 0.84201 0.91910 1.19149 0.93699
55 1.4070"-02 5.1405"-00 1.20378 1.01423 0.83599 0.91521 1.19a79 0.92665
56 1.4330"-02 5.2935"+)0 1.21212 1.014-4 0.84509 0.92105 1.14789 0.93984

57 1.4670"-02 5.4679+-50 1.20943 1.G1413 0.86039 0.93036 1.16926 0.96232
58 1.5000"-0z 5.50831+00 1.20597 1.01230 0.86339 0.93138 1.16359 0.96582

53 1.260"-02 5.7227--00 1.20403 1.012A0 0.83225 0.94282 1.14195 0.99409

50 1.5570--02 5.7589"+-30 1.20213 1.01220 0.89534 0.94433 1.13771 0.99730

61 1.560--0Z 5.9417-00 1.199s2 1.01135 0.90066 0.95311 1.11987 1.02116
62 1.6150"-02 6.0533"00 1.19726 1.01012 0.91028 0.95776 1.10704 1.03582

5C 1.6500*-02 6.0957."00 1.15316 1.00877 0.91335 0.9585 1.10211 1.03806
14 1.6680*-92 6.0533+00 1.19055 1.00734 0.91029 0.95668 1.13454 1.03144

65 1.7030--02 6.1700"00 1.10535 1.0063 0.91947 0.96123 1.09209 1.04255
66 1.7410-02 6.1790"+30 1.17817 1.00471 3.91947 0.96036 1.09091 1.03718

67 1.7430"-02 6.2844'.90 1.1644 l.0)3)4 a.92847 0.96502 1.07983 1.04421

69 1.8140-02 6.3608--00 1.15)47 1.003:1 0.93479 0.96794 1.07219 1.04674

49 1.8710--02 S.481 30 1.13975 1.0013i 0.94442 0.97228 1.05986 1.04556
70 1.3330*-02 6.6378"+)0 1.1D708 1.000V2 0.95667 0.97934 1.04541 1.03566

71 1.9840"-02 64155".j0 1.355'6 1.00033 0.97812 0.93928 1.02295 1.02072
3 ?2 2.0130"-02 7.2054"+30 1.00030 1.00030 1.0000 1.00000 1.00000 1.00000

73 2.0610-02 7.5860"00 0.?2955 0.9)15) 1.02331 1.01321 0.97142 0.96954
74 2.0730--02 ?.7132"00 0.93239 0.93953 1.03720 1.01743 0.96225 0.95415

75 2.0900-02 7.7936"+03 0.04525 0.9392) 1.04333 1.02014 0.95605 0.92325
74 2.1960"-02 7.9279-.00 0.93!S6 .))9:7 1.05252 1.02426 0.94702 0.90381
77 2.1150-02 1.1079"+;0 0.81514 0.99857 1.06521 1.0296 0.9343) 0.90246

75 2.1130-02 3.1137-+00 3.90423 0.)985) 1.0713 1.03230 0.08960 0.89416
79 2.1190"-02 3.107)3 0 3.76252 0.992 5 1.06521 1.02946 0.93400 0.84045

90 2.1520-02 3.S019"+)30 0.7,734 0.9981) 1.0827) 1.04137 0.9341Z 0.83372

91 2.1680--02 9.4173-+03 0.6323 0.493)1 1.0365 1.03866 0.91362 0.77674
02 2.1790-02 3.6034"-90 0.653c7 0.99745 1.01934 1.04375 0.90142 0.75329



7904-C-9 12A- 15

79040415 SETTLES PRCFL
5 

TASULATt3M 113 PlIlTS, CSLTA AT POINT 68

I P72/P P/P T0/T -0 M/140 U/UD T/T R/RD*U/iUD

1 0.0000--00 1.0000"*00 1.03032 1.04001 0.09000 0.00000 1.89538 0.00000
2 5.9890-04 1.5950.*00 1.09959 1.02057 0.41900 0.53315 1.61910 0.36218
3 6.87801-04 1.7083.*00 1.09885 1.01725 0.45009 0.56734 1.58250 0.39395
4 8.4300-04 1.7645-+00 1.09679 1.0142

?  
0.4S553 0.58200 1.5630z 0.40840

S 9.5380-04 1.840 +02 .09C 4 1.01413 0.48393 0.60141 1.54447 0.42468
6 1.0430--03 1.00*+0O 1.08649 1.01440 0.49311 0.61111 1.53590 0.43230
7 1.1980"-03 1.9137"+00 1.0 030 1.01576 0.50193 0.6Z058 1.5Z034 0.43866
8 1.3530--03 1.9968-.00 1.07412 1.01555 0.5163? 0.63502 1.51235 0.45101
9 1.4860-03 2.0203"+00 1.06896 1.01553 0.52331 0.64218 1.50588 0.45546

10 1.6640--03 2.0276-+03 1.06175 1.01707 0.5Z490 0.64414 1.50653 0.45397
11 1.9300-03 2.0719*00 1.05659 1.01770 0.53373 0.65327 1.49810 0.46074
12 2.15Z0-03 2.1174'+00 1.05247 1.013Z4 0.54266 0.66228 1.46946 0.46797
13 2.4620--03 2.1719"00 1.04422 1.01956 0.55308 0.67290 1.49025 0.47469
14 2.6a50"-03 2.1325"00 1.03917 1.018 1 0.55506 0.67452 1.47676 0.47460
13 3.03801-03 2.2198--03 1.03135 1.01819 0.5s200 0.68110 1.46875 0.47850
16 3.3930-03 Z.2a32".00 1.0224T 1.01757 0.50440 0.6927? 1,4549 0.48697
17 3.6140-03 2.3161.300 1.01742 1.01931 0.57937 0.69762 1.44988 0.4S954
18 3.3850--03 2.3471-+00 1.01526 1.01647 0.58482 0.70224 1.44186 0.49447
19 4.1710-03 2.387Z--00 1.01309 1.01572 0.59177 0.70848 1.43335 0.50075
20 4.5240'-03 2.4192"+00 1.00897 1.01412 0.59722 0.71298 1.425.3 0.50474
21 4.8130-03 2.4435- 00 1.00526 1.01423 0.60218 0.71760 1.42007 0.50798
22 5.1990'-03 2.4q12.+00 1.00093 1.0129' 0.60764 0.72211 1.41225 0.511T
23 5. 5bS0-03 2.5324-.)0 0.99629 1.01269 0.61637 0.72973 1.40302 0.51819
24 5.8780"-03 2.5875+00 0.99268 1.0115 0.62530 0.73735 1.39194 0.5.589
Z5 6.1370-03 2.6437+00 0.98959 1.01005 0.63393 0.74498 1.39104 0.53392
26 6.560 -03 2.7232"+.30 0.9e701 1.01021 0.64633 0.75572 1.36713 0.54560

7 6.9650"-03 2.7556"+00 0.18402 1.01071 0.65129 0.76022 1.36248 0.54905
28 ?.Z970-03 2.7794-+00 0.939053 1.01031 0.65476 0.76311 1.35834 0.55103
29 7.7190--03 a. 3950"+00 0.97856 1.00942 0.67262 0.77801 1.33792 0.56904
30 8.1410"-03 2.9333"-00 0.97722 1.0 80 0.6S532 0.75817 1.323594 0.55190
31 8.6060-03 3.0562".00 0. Q7,36 1.00832 0.69544 0.79660 1.31211 0.59216
32 8.9o10-03 3.1a07"400 0.97052 1.008-2 0.71280 0.81081 1.29392 0.60816
33 9.2Z80--03 3.2460".00 0.96969 1.007i9 0.72173 0.31762 1.25340 0.61777
34 9.6700"-03 3.3906--00 0.96856 1.00722 0.74107 0.83264 1.26239 0.63884
35 1.0070"-02 3.4598"+00 0.97072 1.0361) 0.75000 0.'3911 1.25174 0.65073
36 1.0450"-02 3.5240'+00 0.9703 1.00616 0.TS843 0.84558 1. Z300 0.66042
37 1.0760"-02 3.63 11 "0 0.97002 1.005:3 0.77252 0.85597 1.22677 0.67717
38 1.1000-02 3.7a38"00 0.96990 1.00571 0.79167 0.87006 1.20786 0.69865
39 1.1180.-02 3.7858" 00 0.96938 1.005.4 0.79167 0.86995 1.20754 0.69837
40 1.1330"-02 3.7888+90 0.96938 1.00544 0.79167 0.86995 1.20754 0.69837
,1 1.1550"-02 3.96510+00 0.96935 1.00523 0.81300 0.88519 1.1550 0.72383
42 1.1870*-02 4.0404'-00 0.96969 1.00516 0.82192 0.99143 1.17628 0.73497
43 1.2070"-02 4-069)"+00 0.97052 1.00516 0.82540 0.89385 1.17276 0.73979
44 1.2150-C Z 4.0996--00 0.97103 1.00545 0.82597 0.83640 1.16958 0.74423
45 1.2290-02 4.1593-+00 0.97176 1.00557 0.83591 0.90125 1.16271 0.75324
46 1.2510-02 4.2368+00 0.97265 1.00534 0.84474 0.90725 1.15348 0.76535
47 1.287T0-02 4.23648"0 0.97 22 1.005in 0.844?4 0.90737 1.15377 0.76505
48 1.3150*-02 4.407$*00 0.97474 1.0062c 0.86409 0.92054 1.13492 0.79062
49 1.3310--02 4.4836-+00 0.97557 1.03672 0.87252 0.92643 1.12738 0.80167
50 1.3480"-OZ 4.5015*00 0.97639 1.03665 0.87450 0.92770 1.12535 0.80490
51 1.3T70--02 *.6192 *00 0.97794 1.007.) 0.89740 0.93636 1.11339 0.82236
52 1.4130-02 4.6558--00 0.97987 1.007,3 0.89137 0.93890 1.10949 0.82836
53 1.4390-02 4.7851'*00 0.97949 1.00795 0.90526 0.94402 1.09672 0.8k669
54 1.4750-02 4.*335'-00 0. q816 5 1.00861 0.91567 0.95468 1.03737 0.86200
55 1.5150"-oZ 5.0164"-)0 0.95392 1.008W5 0.92956 0.96350 1.07435 0.58231
56 1.5390-02 5-0385*00 0.98332 1.0079i 0.93700 0.96755 1.06625 0.89274
57 1.5T00-02 5.1564.-03 0.90413 1.00742 0.94395 0.97147 1.05916 0.90265
58 1.6080"-02 5.22471400 0.93538 1.00677 0.95089 0.97328 1.05196 0.91402
59 1.6430-02 5.3282.00 0.93753 1.00607 0.96111 0.98106 1.04151 0.93021
50 1.6810*-02 5.397a 00 0.?s990 1.00533 0.96825 0.95475 1.03437 0.94Z41
41 1.7210-02 5.5083"+00 0.99156 1.00417 0.97917 0.9)041 1.02310 0.96016
62 1.7610-02 5.579"+00 0.99340 1.00320 0.95611 0.99388 1.01582 0.9T195
43 1.9030-02 3.6149".00 0.9905 1.00235 0.9895S 0.99538 1.01175 0.97976
64 1.9430-OZ 5.6149".00 0.99835 1.00142 0.93958 0.99492 1.01051 0.98265
55 1.8101-02 5.5507".00 0.99576 1.00054 0.99306 0.99642 1.0009 0.98848
66 1.9250--02 5.6866"*00 0.99918 0.99931 0.976i3 0.99804 1.00303 0.99420
67 1.9540-02 5.S866*.00 0.99948 0.99931 0.99653 0.98804 1.00303 0.99451

0 65 1.9980--02 5.7ZZ71-30 1.00000 1.000") 1.00000 1.00000 1.00030 1.00000
69 2.0*90-02 5.7-27*00 1.0216 1.00013 1.00000 1.00000 1.00000 1.03216
?0 2.1000-02 S.7z27"+00 1.00330 1.000:0 1.00000 1.03000 1.00000 1.00330
71 Z.1650.-02 5.146.+00 1.00371 0.99875 0.99653 0.99?46 1.00187 0.99929
72 2.2330*-02 5.6366-*00 1.03371 0.99937 a.99653 0.94677 1.00048 0.99999
73 2.3020--02 5.6866" 00 1.00156 0.99S75 0.99653 0.99596 0.99835 0.99895
74 2.3980--02 5.69661-00 1.00144 0.99367 0.99653 0.99492 0.99677 0.988
75 2.5220-02 5.65j?7 +00 1.00155 0.99121 2.99306 0.99180 0.99147 0.9)585
76 2.5650-02 5.6507"00 0.99969 0.99174 0.993C6 0.39203 0.99794 0.9937?
77 2.5930--02 5.6507-+00 0.99OZ5 0.99109 0.973)6 0.99215 0.99817 0.99222
78 2.6570-02 5.65)7"+00 0.99464 0.992,7 0.99306 0.9)249 0.99866 0.98829
79 2.7310-02 5.6507.+00 0.99237 0.99313 0.93306 0.99272 0.99933 0.98581
50 2.8070--02 5.6507-.00 0.98856 0.993'3 0.99306 0.99272 0.99933 0.98202
31 2.9180-02 5.6507.10 0.98278 0.993!3 0.9306 0.992T2 0.99933 0.97629
52 3.0120-02 5.61'".00 0.97991 0.9132 0.9959 0.99076 1.00238 0.96772
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79040416 SeTTLES PROFILE TABULATION 119 POINTS, DELTA AT POINT 71

I y PT2/P P/PD TO/Toa M/mO U/UD T/TO R/R0vUfUO

1 O.000-O0 l.0000iO0 1.05031 1.04001 0.00000 0.00000 1.86207 0.00000
* 2 4.4270-04 1.9197"00 1.06606 1.02051 0.50905 0.6269 1.51652 0.44068

3 5.7560-04 1.95
4
0i*00 1.06922 1.018?5 0.51660 0.63400 1.50656 0.45001

4 7.3030 -04 2*0545.+00 1.05871 1.01914 0.53773 0.65533 1.48524 0.46713
5 8.4100"-04 2.1251-#00 1.0S661 1.01932 0.55181 0.66926 1.47099 0.48073
6 9.7360:-04 Z.1823Z 00 1.05556 1.01771 0.56298 0.67948 1.45720 0.49219
T 1.2390"-03 222T9 00 1.05136 1.02019 0.57143 0.68853 1.45185 0.49860
8 1.4160*-03 2.3077-900 1.04726 1.0z005 0.58602 0.70235 1.43642 0.51206
9 1.6150-03 2.3161"900 1.0'43 1.02199 0.58753 0.70443 1.43757 0.51184

10 1.8590"-03 2.3471-+00 1.04149 1.02140 0.59306 0.70943 1.43094 0.51635
11 2.1680"-03 2.3959400 1.03193 1.02106 0.60161 0.71755 1.42258 0.52051
12 2.4340-03 Z.4192400 1.0296Z 1.02019 0.60563 0.72069 1.41603 0.52402
13 2.9410*-03 2.5021"*00 1.02332 1.01953 0.61972 0.73334 1.40031 0.53591
14 3.2510"-03 Z. 5568*900 1.01712 1.01843 0.62077 0.74112 1.39928 0.54259
15 3.62701-03 Z.599).400 1.014s0 1.01772 0.63581 0.74716 1.38090 0.54896
16 3.8710 -03 2.6092:400 1.01397 1.01754 0.63732 0.748,3 1.37907 0.SSOZ9

4 17 4.3130:-03 2.665800 1.01103 1.0159 0.64638 0.75586 1.36745 0.55885
18 4.6460-03 2.7329:+00 1.00599 1.015 1 9.65694 0.76480 1.35533 0.56767
19 4,9330-03 2.8278 +00 1.00494 1.01365 0.67153 0.77676 1.33796 0.58342
Z 5.2Z00:-03 2:7915+00 1.00441 1.0131 0.65600 0.77198 1.34326 0.57717
21 5.5090 -03 2.0014 +00 1.00273 1.013:3 0.66731 0.77316 1.34162 0.57786
22 5.8390--03 2.8990-+00 1.00073 1.01112 0.68209 0.78500 1.32451 0.59311
23 6.1930:-03 2.9217'+00 0.93517 1.0110 0.69561 0.79767 1.31987 0.59390
24 6.:520 -03 2.9695"*00 8.99317 1.01061 0.69266 0.79336 1.31191 0.60061
25 6.8350"-03 3.0422.+00 0.9943 1.010 3 0.70322 0.80195 1.30051 0.61321

26 7.2110*-03 3.0562400 0.99244 1.00907 0.71523 0.80311 1.29685 0.61460
27 T.6100"-03 3.1305-+00 0.99C13 1.00880 0.71579 0.81159 1.28556 0.62508
28 7.8370-03 3.2060-400 0.98845 1.00853 0.72636 0.81994 1.27429 0.63602
29 8.2730-03 3.Z060'*00 0.98807 1.00736 0.72636 0.81971 1.273S6 0.63647
30 8.67Z0-03 3.3234-*00 0.98876 1.00617 0.74245 0.83167 1.25476 0.65536
31 8.9150--03 3.4019"+00 0.98845 1.00491 0.75302 0.83933 1.24238 0.66778
32 9.0020-03 3.4588-+00 0.98234 1.00354 0.76056 0.84456 1.23306 0.67694
33 9.2020 -03 3.5125" 00 0.98729 1.00249 0.7o761 0.94943 1.22456 0.68485
34 9.4230--03 3.6490" 00 0.9857Z 1.001 1 0.78521 0.86220 1.20571 0.70488
35 9.5780--03 3.6643-+00 0.98457 1.001,7 0.79722 0.86371 1.20376 0.70651
36 9.6670--03 3.6925-+00 0.98333 1.00213 0.79074 0.86650 1.2007T 0.71002
37 9.8880-03 3.7324*+00 0.93435 1.00329 0.79577 0.87068 1.19711 0.71593
38 1.0090--02 3.6371"400 0.93519 1.003.2 0.75370 0.86174 1.20906 0.T0218
39 1.0400--0Z 3.T045-+00 0.98635 1.00467 0.79225 0.86870 1.20230 0.71267
40 1.0750--02 3.7045-400 0.95637 1.00440 0.79225 0.86859 1.20198 0.71314
41 1.0990-02 4.0531--00 0.98719 1.00421 0.83501 0.89900 1.15914 0.76564
42 1.1100-02 3.9485-.00 0.95698 1.00442 0.82243 0.89029 1.17183 0.74985
43 1.1210-02 4.0699-+00 0.99656 1.00369 0.83702 0.90016 1.15656 0.76785
44 1.1440-02 4.0996"00 0.98572 1.00371 0.84054 0.90260 1.15311 0.77157
45 1.1790--02 4.2672"-00 0.98456 1.00320 0.86016 0.91572 1.13335 0.79580
46 1.2010-02 4.3214*900 0.98502 1.00331 0.86720 0.92048 1.12664 0.80543
47 1.zlZ0.-0z 4.2803-400 0.98635 1.00352 0.06167 0.91688 1.13225 0.79873
48 1.2450"-02 4.4078+00 0.98824 1.00265 0.87626 0.92617 1.11716 0.81929
49 1.2610--02 4.3294'+00 0.98901 1.00210 0.867 0 0.92025 1.12607 0.80829
50 1.2760-02 4.5150-+00 0.98908 1.00318 0.8833 0.93429 1.10616 0.83540
51 1.2980--02 4.5873--00 0.98908 1.00302 0.89638 0.93940 1.09830 0.84598
52 1.3210--02 4.68179+00 0.98908 1.00222 0.90744 0.94602 1.08682 0.86094

53 1.3360--02 4.5150-400 0.98908 1.00243 0.89833 0.93394 1.10533 0.83571
54 1.3540"-02 4.6558-*00 0.98939 1.00142 0.90392 0.94346 1.08940 0.85685
55 1.38000-02 4.6879-400 0.98971 1.00039 0.90744 0.94544 1.083549 0.86201
56 1.4050--02 4.817800 8.99055 1.00068 0.92153 0.95414 1.07204 0.88162
57 1.4240--02 4.91651+00 0.99170 1.00019 0.93209 0.96041 1.06169 0.89710
58 1.4510-02 4.8835*+00 0.99329 0.99961 0.92557 0.95798 1.06433 0.89402
59 1.4820:-OZ 4.9497T:00 0.99506 1.00018 0.93561 0.96250 1.05831 0.90499
60 1.5130 -02 4.9830 +00 0.99580 1.000!2 0.93913 0.96471 1.05S20 0.91040
61 1.5440--02 5.1564400 0.99632 1.00015 0.95724 0.97550 1.03852 0.93587

62 1.5820"-02 5.1905-+00 0.99632 1.00042 0.94076 0.97771 1.03559 0.94064
63 1.6100-02 5.328 z*00 0.99643 1.00025 0.97495 0.9584 1.02267 0.96054
54 1.6410--02 5.2247-+00 0.99811 0.99975 0.96429 0.97945 1.03170 0.94756
65 1.6519," -- '. "C'00 0.99916 0.9q943 0.97133 0.98340 1.02501 0.95560
66 1.6800"-02 S.4328-+w4 1.OuOJ 0.999-1 0.99541 0.99141 1.01221 0.97955
67 1.7190--02 5.S083-+30 1.00073 0.59830 0.99296 0.99524 1.00460 0.99141
69 1.7480-02 5.5792"+00 1.00010 0.99834 1.00000 0.91942 0.99884 1.00069
69 1.7790--02 S.5437--00 0,99947 0.99930 0.99640 0.99768 1.00241 0.99476
70 1.9030-02 5.S792"00 0.9Q905 0.99954 1.00000 0.99977 0.99954 0.99929

L Ti 1.8360*-02 S. ST9Z400 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
72 1.8760'-02 5.6507-+00 3.00158 0.99933 1.03704 1.00383 0.99363 1.01186
73 1.9150-02 5.6149-+00 1.00389 0.99840 1.00352 1.00116 0.99530 1.00990
74 1.9690.-0Z S.6149"+00 1.00704 0.99655 1.00352 1.00023 0.99346 1.01391
75 2.0260--02 5.6507T*30 1.00861 0.99614 1.00704 1.00397 0.98996 1.02085
76 2.0790"-02 5.6866-+00 1.00987 0.99712 1.01056 1.00441 0.98796 1.02679
77 2.13904-02 5.6507".00 1.01250 0.99821 1.00704 1.00302 0.99202 1.02372
78 2.1960"-02 5.6507"+00 1.01691 0.99660 1.00704 1.00221 0.99042 1.0Z901
79 2.25600-02 5.61491+00 .OZ143 0.99378 1.00352 0.99884 0.99069 1.02983
80 2.33600-02 5.6507".00 1.02038 0.991-9 1.00704 0.99954 0.95515 1.03528
81 2.39800-02 S.T924+00 1.02343 0.99374 1.00000 0.99687 0.99374 1.02685
82 2.45504-02 5.S792-400 1.02416 0.996Z9 1.00000 0.99814 0.99629 1.02606
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Appr. 1.4 upstream 8002
of shock.

R Theta - l0-: 4

,T/TR: Appr. I QNS
Continuous tunnel with symmetric convergent nozzle. W = 0.12, R = 0.10, L = 0.53 a.

P0: 95 kN/='. TO: 290 K. Dried atmospheric air. Re/m x 10-': 14.

DELERY J.M., COPY C., RRISZ J., 1980. Analyse an vilocimtre laser bidirectionnel

d'une interaction choc-couche limite turbulente avec d~collement 6tendu. Rap. Tech.

37/7078 AY 014.

And: Dilery (1983), J.M. Dilery, private coimunications, data tapes.

1 The test boundary layer was formed on a "half profile" or bump let into the surface of
the tunnel floor. This was 0.286 a long and consisted of a 4 ramp followed by a circular
arc profile with radius 0.423 a. The maximum height was 12 mm, while the ends were faired
into the floor with circular arcs of radius 20 Mo. The flow accelerated to supersonic
velocity in the throat so formed. It then entered a shock boundary-layer interaction with
the first leg at about 0.260 m from the start (X = 0) of the bump. The second leg of the
interaction, and the shock in the free stream, occured opposite the end of the bump. The

4 two branches of the shock met at about Y = 50 ma. The pressure history is given in
table 1. Measurements were made on the tunnel centreline and began at X = 0.27 u, after

8 the start of the interaction, with the flow already separated. Reattechment occured at
about the 12 th profile station (X = 0.325). A further 16 profiles were taken at increasing
intervals back to X = 0.640 m. The position of the shock was controlled by an adjustable
second throat mounted on the top surface with its ares Minimum at about X = (1) 0.524 m.

3 Boundary layer transition was natural and the mean flow and turbulence distributions at
the onset of the interaction showed the layer to be fully developed.

5 Oil flow visuslisations showed that the separation line was nearly straight and
perpendicular to the flow, but that there was "a rather strong distortion of the
reattachment line. However the presence of three-dimensional effects was not thought to
alter radically the general features of the flow and the behaviour of turbulence. The

2 shock system can be considered as steady in the sense that no large-scale oscillations of
the shock were revealed by optical observations" (interferometry with short time exposure).

6 Wall pressure was measured at 40 tappings on the bump, 21 on the tunnel wall downstream,
7 and also at 72 stations on the top wall. Profiles were measured normal to the tunnel axis

with a LDA developed by OMERA. This was a two-component device using a modulation frequency
of 7.5 MUz, allowing the simultaneous measurement of mean velocities and the Reynolds
stress tensor components. The flow was seeded with incense smoke injected well upstream
of the test section. The cross section of the measurement volume was about 300 Micron in
diameter. An experimental point is constructed from about 5000 samples. The data were
processed with a DISA 55L analyser. The mean flow field was also surveyed with a holographic
interferometer and the authors' sketch of the flow is reproduced above as figure 10.4.1.

The source paper presents profiles of the mean velocity components U and V, their
fluctuation intensities and u' v' while the data tape (PC) gives the Mach number. This

9 was derived from the velocity and the total temperature of the flow, measured in the
settling chamber. In the boundary layer the modified Crocco temperature distribution was
assumed. The well temperature was assumed to equal the recovery temperature an runs lasted
several hours. The Mach number in the free stream was also deduced from the density as
measured from the hologram, assuming that entropy changes in the shocks were negligible.
Profiles for stations 4, 6, 8 and 10 are interpolated by the authors from neighbouring
data.

12 In order to complete the profile presentation in section C, the editors have set the
static pressure equal to the wall value. (See the remarks in the editors' coments below.)
We have chosen to set the zero for Y at the surface of the bump. We have interpolated
wall pressure data for stations 18, 19, 20, 22, 23, 25, 27, and 28. The data describe the

13 velocity field in a boundary layer interacting with a quasi-normal shock, and the
succeeding recovery process.

I DATA: 80020101-0128 Two-component LDV profiles for the mean and fluctuating velocities,
and their cross correlation. MX = 28. Wall pressures. Holographic interferometry.
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15 Editors' coments:
The entry describes the first of a series of investigations designed to provide basic

data on the quasi-normal shock (Q1S) boundary-layer interaction. Succeeding experiments

are described in CAT8003T, and use a different, sysatrical, geometry. These experiments

and many others are discussed in detail in Dilery (1986)/ Dflery & Marvin (1986). j wide

range of similar flows has been studied by Liu & Squire (1988) and a selection are

reported in CAT 8501T.

The large number of profiles, at close intervals, is most valuable. Given the desire to

use only non-intrusive measurements, the data are, inevitably, functionally incomplete,

requiring either pressure or density information. This might have been obtained from the

interferometer, though possibly such data would not be sufficiently accurate in a region

with large gradients. We repeat here our warning that without the density, the velocity

fluctuation values do not give the Reynolds stresses. Skin-friction data would also have

been moat valuable. The separation and reattachment points were not recorded. The authors

suggest that the reattachment point can be found by an interpolation to determine where

the recirculation region has become vanishingly small, but are less hopeful about

determining the separation point using such a procedure. The values suggested by the

sketch in fig. (10.4.1) are X = 262 and 324 ma.

The editors' assumption of constant static pressure along a normal appears reasonable
for the majority of the profiles. However, inspection of the total pressure profiles

suggests that the static pressure may fall by up to 8t in the outer part of the boundary

layer just ahead of the shock (see the isobars in figure (10.4.1), while it is rising in

the region just behind the shock. The profiles most affected are 01, 2, 5, 6, and integral
values for these profiles will be inaccurate and improperly defined. The D-atete has been

sat at the outermost point and is essentially arbitrary.

We must have aome reservations as to the influence of three-dimensional effects and

shock steadiness, as discussed in 5 9.3 above. There is likely to be a very similar
interaction on all the other three tunnel walls, with substantial secondary flows in the

separated flow region. The high subsonic flow downstream will be sensitive to small
changes in effective wall position and the thickened and disturbed boundary layers will
give a strong displacement effect. (See for instance Schofield, 198 end Reda & Murphy,

1973.)

The interpolated profiles 04, 06, 08, 10 have been retained at the suggestion of the

authors, to assist in any reconstruction of the flow field as a whole. Since there are

no wall shear-stress values, we are unable to commet on the profile quality in any

detail. Turbulence profiles are presented as figures (11.2.26, 11.3.10). (Note that the

representative R Theta value in the heading to this entry is the authors' value for the

boundary layer upstream of the data reported here.)

Table 1: Pressure distribution on the test surface.

x f-x f-x -x P-
P, Pi P, Pi

-.0800 .7619 .1299 .6565 .2300 .3780 .3050 .5310
-.0400 .7758 .1400 .6415 .2350 .3662 .3099 .5414
-.0200 .7792 .1500 .6174 .2400 .3534 .3150 .5542

.0000 .7999 .1600 .5830 .2450 .3430 .3199 .5698

.0100 .7796 .1699 .5410 .2500. .3342 .3299 .5936

.0200 .7670 .1799 .5134 .2550 .4261 .3400 .6148

.0299 .7558 .1850 .4976 .2600 4813 .3500 .6277

.0399 .7491 .1900 .4870 .2650 .4935 .3600 .6346

.0500 .7408 .1950 .4710 .2700 .4462 .3700 .6381
.0600 .7336 . 1999 .4570 .2749 .4980 .4100 .6347

.0699 .7222 .2049 .4450 .2800 .4987 .4500 .6271

.0800 .7160 .2100 .4320 .2850 .5020 .4900 .6083

.0900 .7061 .2149 .4176 .2900 .5034 .5300 .5661

.0999 .6970 .2200 .4022 .2949 .5073 .5700 .4899

.1100 .6854 .2249 .3911 .3000 .5163 .6100 .3691

.1199 .6730

pi 
=

q x 104 N/M
2
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CAT 0002 OELERYT.CPV.q02S1 93UNA0 CUNaI'13zS AND 0ALUATE9D0TA $1 UIITS

RUN NO * 14/TO. '026 C. 412 1ZK Po* PO
S P00 P4/P3 402D CQ *432 $3K To Tj

.TOO TAUW r2 P22 .4Z 02% U31 TO

a0020101 1.1190 1.000 7.0030023 Ni 1.09 6.1711 6.610":04 4.4615::04
a.i000-01 9.7514".04 1.0000 9.2302.03 N4 1.016 1.8499 2.4160*E2 2.3007 ,O2
INIMITE 2.0758*02 53. 53721"-14 84 -0.0031 0.767104 3.400060? 2.0160.'02

80020102 1.0910 1.0020 2.16:03 NI 20.3242 11.004 4.4020.04 4.412V0:O
.700-01 9.3450'004 1.0000 3.0 921"03 N 0.1506 2.1992 2.a250Oz02 2.3365.0-

9MPIMITE 2*3024*02 N 2.12:0w-0' M-4 -0.3373 4.1565"04 3.3130'-02 2.825.02

80020103 1.0590 1.3020 4.3931"*03 N4 15s.073 16.2016 4.488304 4.083".*04
2.000-01 4.11353.04 1.0000 5.0843.03 N 2.1553 2.3175 2.a24202 2.351602
INFINITE 2.4791"402 N j.aTO-04 NI 0.0701 3.41?0-04 3.2560".02 2.92M2.*02

80020104 1.0400 1.. :.000 .5 3".Q3 NN 11.562? 11.400 4.5180::04 4.5180*0.
2*00-"-01 0.9663 10 1.0020 s*7427".a3 MM Z.1652 1.9497 2.6230".02 21354z062
INFINITE 2.8771 02 MO 0 .341 -04 N4 -0.109 '.30j3-' 3.207002 2.a239'A0

80020105 1.0510 1.0030 2.1136.33 MN 37.3111 46.9219 4.5306.204 4.306::04
2.9000-01 .*1771*04 1.000 3.511"._3 4 4.2146 5.5361 2.8026..02 2.3013".02
IMFINITE 2.8773.-O2 N8 .2768-04 N 0.0497 1.796q"_04 a.2500 02 2.o22T.02

$0020106 0.0761 1.0000 6. 921:*03 Mi 11.1160 10.0626 4.:567"04 *.51137*04
2.9000"-01 0.6066*04 10000 7.3127"03 51 1.91)0 1.9392 2.1205..02 2.4161".02
IsELMITO 2.9765 *02 M 6.0911"-04 N4 0.0005 6.0093-04 3.0'20.02 2.820602

80020101 3.9937 1.0000 
6.2940::r3 59 15.536 14.2200 N.646?:04 4.646r.04

.0000"-01 5.7316"04 1.2000 7.1654".33 91 2.2635 2.3199 0.e292.*02 2.4033t0o
INFINITE 2.N735m02 18 5.3559-O14 5 -. 2046 5.6463"-04 3.2692.02 2.8292*22

R0020100 0.3009 1.)000 1.1850"24 NI1 7.1726 6.3901 4.77931::4 4.7191t04
3.0500-01 1.5373'04 1.2000 1. 334,t4 N12 64 1.617 2.34 02 2.*35 02
INFINITE 2.8806't02 N 1.0273 -03 N 0.0294 1.1067"-03 2.992* 02 2.834"02

00020109 0.9348 1.0000 1.23:3"04 N' 7.6706 6.02:17 4.6726" D 4.726"*04
3.100-01 4.600804 1.9000 1.311"._U4 .0 1.7359 1.7378 2.9346..*02 2.8440".02
IPFINITE 2.0795".02 98 1.070 0-03 SN 0.0124 1.1641"-03 2.945002 2.346"*02

00020110 0.9231 1.0000 1. 7257::4 N4 4.9407 4.3103 4.9879-04 4.93?5t:04
3.1000-01 M.6990".04 1.0000 1.9339" 04 NI 1.0637 1.0962 2.9834702 2.45:6:.02
1NFINITE 2.0786:02 r19 1.40"-03 MN 0.3374 1.5903-03 2.9160-402 2.8345"*00

00020111 0.5144 1.000 2.3760 04 NI 3.5290 4.0086 51122".04 5.IZ9Y *04
3.2000"01 1.4126"04 1.1090 2.654,.:04 NI 1.4691 1.5667 2*0364"*02 2.4 666*0
IMPIMITE 0.0793.02 N 2.3203"-03 MI 0.2143 1.110-03 2.400 02 2.8363*02

0020112 0.0904 1.000 2.219".04 Nm 3.6124 3.1391 5.23.0",04 5.2300*.06
3.2500-01 0.7962'04 1.00,0 2.4664 04 69 1.5035 0.0202 2.0370.02 2 84020"::0
1INPIITE 2.0782".02 60 1.'U032 9-0 4 0.2316 2.0563-03 2.8220.+02 2.8370..02

80020113 0.4859 0.3000 2.3092't4 9 3.3373 2.9237 5.342.:04 5.342.".04
3.3000-01 . .493%06 1.0000 .651T'04 N1 1.5444 1.5074 2.Z6".02 2.46S02
INFINITE 2.0771"02 90 2.0215"-03 9 0.1436 2.1747-03 2.001.002 2.8365.02

0020114 0.0660 1.0000 2.7876"0 4 N-4 2.5090 2.2509 5.5332-04 5.0232"*04
3.4000"-01 9.0242.04 1.0000 3.0902"t04 MI 1.5829 1.5761 2.839* .02 20030"002
INFINITE 2.8786+02 '4 2:-3031-j3 N. 3.317 2.5L19"-03 2.7470- 2 2.0394 02

00020115 0:.402 1.0030 3-0261''04 NI 2.3047 1.9720 *6490.00 5.6490".04
3.5000-01 9.043504 1.a000 23308*. N4 1.5164 1.6098 2.0-14".02 2.5169 02
INFNIT-E 2.4791."02 IN 2.5O?6--2 NM 0.2338 2.T265--03 2.6980go02 2.8414-.02

10020115 0.350 1.0000 3:0120::04 N' 2.1227 1.7965 5.7114".01 0.7114" 04
3.6000-01 9.2266"404 0.2220 3-3174"*04 M4 1.6455 1. 02 2.0436".02 2.5272.o?
INFI NITE 2.qO3".o2 -M 2.5606--U3 NI ).3259 2.7363-03 2.6640'-02 2.8435*02

80020117 08316 1.2000 3.0053 04 NM 2.0003 1.6010 5.7420"104 .7429::0O
3.700)9-01 93764.4 1.000 3.0050".04 83 1.9742 1.610 2.26".02 2.5299.02
INFINITE 2.0790".02 98 39152"-03 89 0.0115 2.7059"-03 2.6S2002 2.434.5 02

00020110 0.01 1.00,0 3.0006"*04 94 1.9096 1.0070 5.7600 04 5.7600"*04
3.000'01 9.0612"04 1.0000 3.3770 04 09 1.700 1.7024 2.8436".02 z.s o7.o0
INFINITE 2.8798002 so 2.6110S-03 N4 0.0109 2.776-'-03 2.6450"t02 2.8436-02

6000011 0.8273 1.0000 1.0616.04 89 1.526 1.5209 5.7620".04 5.7420+04
3.9000 -01 9.9954"04 1.0000 0.3082".04 N 1.723 1.7260 2. 436.02 2.5132:+02
IMFONZTf E 2.000m+2 'J 2.6167"-(3 N 0.0048 2.7749--03 2.6400".02 2.9439402

80020120 0.9266 1.0000 3.1273".04 N1 1.7905 1.4745 S.1330-04 5.73 0 04
4.0000"-03 8.0750r.34 1.00j0 3.4253"04 N4 1.7510 1.7403 2.043402 2.5235 02
INFINITE 2a710'.,)2 4M 2.6718"-03 Ni 0.3052 2.8126-03 Z.6300w92 2.630"*02

00020121 0.9254 s.jO00 2.9620" 04 NM 1.1525 1.4404 3.T123".04 5.7123.+04
6.1200"-01 5.9417".04 1.3000 4.2657"*4 91 1.7607 1.7964 2.8451"402 2.5345"*02
INfINITE 2.0010".02 N4 0.0009-03 N4 0.0056 2.6454"-03 2*6300.02 2.8450"*02

08020122 2.4294 1.0000 3*097"04 NM 1.72%9 1.4099 0.061t04 5.7060 04
4.2000"-01 :9392r02 1.000 3. 960",04 SM 1.7824 1.7903 28.43 ".02 2.5315"*0z
INFINITE 2.OO01"02 48 S.6103 -C3 M9 0.0018 2.70610-03 2.6460-.02 2.8433.102

0000120 0.4203 1.0003 0.3416::04 NM 1.6956 1.3939 5.6750",06 5.6790.04
4*Oo00-01 0.91E9".OA 1.0300 .3342".04 M 1.7967 1.7949 2*044.02 2.5324"*02
zNFzNITE 2.9107-02 NO 2. 535503q3 99 0.0025 2.7426*-03 2.646...2 2.445 .. 02



12-B-4 8002-B-2/C- 1

C&T -joz DELERY00 OPT.eISt %CUh3ARY CON0ZTIINS 01 EVALu'r1 o 001A, S UNITS

RUN D T/TR* EW4 C. Qz "121 Po* P2

x N *00 PI/PO 0E2] C0 2 312 T TO

ft TOO 0 32 PI2 -44Z 020 Uo* TR

00020124 0.0346 1.O020 3.:1:3 94 4'I 1.61 1.3S09 5.64303::J 5.64'0*04
'.0000-01 0*90:)04 1.0060 1.3126.04 WI 1.01 1.8041 Z.O430.02 2.0276.02
IPFINOTO Z.873WI*OZ NM 2,0911N-03 59 -0.0017 2.710- Z.4610w*02 Z*S433".0

2

00020125 0.4360 1.0000 2.6090q504 41 1.6423 1.300 S,00004 S*5000.04

4.00w-O1 0.0204* 04 1. 0000 2. I636q+04 N9 1.0352 1.a340 2Z$445.0 Z.52T1".02
IIFINITO 2.8812*02 'dO .Z.6Z6-03 NI 0.039 Z.35&0nO3 036900*OZ 2.8 O4 0 202

SOOZOIZo 0.8007 1.3000 !.7149::04 WI 1.65Z4 1.3281 5.4747*04 1.4711::04
4.9000-01 O.0605 *04 O1000 2.502*4 90 1.0460 1.8405 2.142."1 2.00*6w.02

INFINITE 2.08802 00 0.374 -G3 .q 0.7020 .4Z26"-03 3-1802*02 Z,42 a3.02

0000127 0.a027 1.0000 2. 4277-04 N4 1.595 1.1102 5.3100*O1 5.3100504
S.1000-01 O.0501%04 1.000 2.692:5*34 09 1.0640 1.0631 Z.0400.00 Z.4920*02
INFINITO 2.as 7 .02 ; 2 .0 T6 -03 M4 0.0004 2.1596"-03 2.09400Z 2. .03 ..02

00000128 0471 1.2000 :.3591::04 ,1 1.600 1.31ST 4.9500"-04 4.0500,14
5.4000-01 l.d19004 1.0000 4.9554" 7 0 h 1.0776 1.8766 2.856:*0l Z.4430*0

NFoo.1T 2. 113 o0 'dP 1.3968-U3 N4 0.0044 2.0774-03 2.964002 2.8311 .02

80020101 DELERYCOPY.REISZ PROFILE TABULATIIN 16 POINTS, DELTA AT POINT 16

v PTZ/P P/PD TO/TOO M/MO U/Uo T/TD R/RO*U/UO

1 0.0000:-00 1:0000".00 1.00000 0.97919 0.00000 0.00000 1.Z23S8 0.00000

2 1.0000-03 1.0085" 00 1.00000 0.93912 0.09857 -0.10671 1.17132 -0.09105
3 1 1.001700 1.00000 0.T9356 0.04454 -0.04435 0.99145 -0.04414

4 2.0000q-03 1.0045 00 1.00000 0.950564 0.07194 0.07047 1.19303 0.06577

5 2.5000-03 1-0466"+00 1.00000 1.00145 0.22898 0.25453 1.23560 0.20600

6 3-00000,3 1-1632"00 1.00000 100Z: 7 0.41021 0.46029 1.19985 0.38363

3.5000 -03 1.384".00 1.00030 1.00153 1.62397 0.66647 1.14006 0.58418

8 4.O000-03 1.6109 -00 1.00000 1.00138 0.71404 0.79853 1.09231 0.73105
9 4.5000:-03 1.7728+*00 1.00000 1.00158 0.84320 0.86941 1.06313 0.81778

10 5.000-03 1.8 39"+00 1.0000 1.0010a 0.89079 0.91059 1.04495 0.87142

11 6 .0000-03 Z.003S-40 1.00000 1.00217 0.93739 0.95000 1.02709 0.92494

12 7.00004-03 2.0325 00 1.00030 1.00142 0.94812 0.9503 1.02Z07 0.93783

13 .0O-03 2.062000 2.00000 1.00201 0.9596 0.96765 1.01842 0.95014
16 9.0000.-03 2.1149" 00 1.00000 1.00134 0.97764 0.98265 1.01027 0.97Z66

15 1.0000-0Z 2.1174.00 1.00000 1.00106 0.97853 0.98324 1.00963 0.97385
D 16 1.Z0000-02 2.1798-*00 1.00030 1.00000 1.00000 1.00000 1.00000 1.00000

80020101 Delery/Copy/R ist Turbulence Data

I " 2.70001-01 DELTA - 1.20003-02 DINr = 2.9680E+02

I U U v m U V. -U'V

COrN VIN? UI UNF UI 2

1 1.00003-3 -1.22241-1 3.1176z-2 1.1020-i 1.4367K-1 6.31066-2 4.68843-3

2 1.50009-3 -5.08093-2 2.60219-2 4.98001-2 1.89321-1 7.72571-2 8.24611-3

3 2.000O-3 8.98921-2 1.97681-2 8.03201-2 2.3608K-1 8.17721-2 1.10671-2

4 2.50001-3 2.91583-1 -4.32281-3 2.56001-1 2.80421-1 9.56201-2 1.40761-2

S 3.00003-3 5.27291-1 -6.15901-3 4.6980K-1 3.00371-1 9.01951-2 1.20221-2

S6 3.5003-3 7.63481-1 -3.83761-3 6.9760K-i 2.37109-1 6.6"469-2 7.53559-3

7 4.00001-3 9.14763-1 -5.16173-3 8.54201-1 1.6792K-1 5.55268-2 4.58621-3

8 4.50003-3 9.95961-1 5.89629-3 9.42701-1 1.13381-1 5.21903-2 3.35001-3

9 5.00003-3 1.04311+0 -9.25543-5 9.95901-1 7.25403-2 4.68671-2 2.05701-3

10 6.00001-3 1.08831+0 -8.20421-3 1.04801+0 5.01351-2 4.9191Z-2 1.4633&-3

11 7.00001-3 1.09601+0 -1.11253-2 1.06001+0 4.16111-2 4.70691-2 1.21471-3

12 8.00003-3 1.108S1+0 -1.65163-2 1.07201+0 4.794S-2 6.12511-2 2.40211-3

13 9.00003-3 1.12573+0 -2.34203-2 1.09301+0 3.63683-2 4.6563-2 1..090K-3

14 1.00003-2 1.12631+0 -2.60485-2 1.09401+0 3.8443Z-2 4.80121-2 1.24641-34 15 1.20001-2 1.14561+0 -3.95221-2 1.11803+0 3.58491-2 4.83831-2 1.32023-3



8002-C-2 12-B-5

80020108 DELERYCOPYREISZ PROFILE TABULATION 26 POINTS, DELTA AT POINT 2s

I y PT2/P P/PO TO/TOO N3/M9 U/UD T/TO R/RD.U/UO

1 0.0000 00 1.0000.400 1.00030 0.98313 0.00000 0.00000 1.16374 0.00000
2 1.00001-03 1.0004"*00 1.00000 0.99919 0.11476 -0.12461 1.17896 -0.10569
3 1.5000-03 1.0060-'00 1.00000 0.99969 0.0'703 -0.10542 1.18035 -0.08931
4 2.0000-03 1.0025-+00 1.00000 0.99,8a 0.06260 -0.06797 1.17892 -0.05766
5 2.5000--03 1.000$-#00 1.00000 0.99608 0.03570 -0.03875 1.17784 -0.03290
6 3.0000--03 1.0002-+00 1.00000 0.61176 0.01694 0.01441 0.72352 0.01991
7 3.5000--03 1.0010"*00 1.00000 0.95881 0.04026 0.04296 1.13370 0.03781
8 4.00000-03 1.0061".00 1.00000 0.98213 0.09T27 0.10475 1.15967 0.09033
9 4.$000*-03 1.0170"*00 1.00000 0.97798 0.16257 0.17442 1.15115 0.15152

10 5.0000--03 1.0330-#00 1.00000 0.98623 0.22576 0.24269 1.15569 0.21000
11 5.5000"-03 1.0538"*00 1.00000 0.99038 0*.:727 0.30859 1.15197 0.26?42
12 6.0000-03 1 .094 3 -+00  1.00000 0.99234 0.35778 0.38315 1.14686 0.33409
13 6.5000"-03 1.1202-00 1.00000 0.99261 0.4243 0.45269 1.13656 0.39830
14 7.00001-03 1.1591 *00 1.00000 0.99399 0.4856Z 0.51555 1.12707 0.45742
15 7.5000-03 1.2 1 9 7-+00  1.00000 0.99535 0.56523 0.59612 1.11231 0.53593
16 8.0000"-03 1.3134.*00 1.00000 0.997Z2 0.66576 0.69542 1.09108 0.63737
17 8.SOO00-3 1.3SSSOO 1.00000 0.997o4 O.70,89 0.73320 1.08195 0.67766
1 9.0000"-03 1.4335"+00 1.00000 0.998U9 0.77006 0.79472 1.06507 0.74617
19 9.5000"-03 1.4897-+00 1.00000 0.99966 0.81243 0.83450 1.05508 0.79094
20 1.0000"-02 1.5532"+00 1.00000 0.99991 0.85647 0.81462 1.04284 0.83869
21 1.1000-02 1.6 59 7-+ 0 0  1.00000 0.99972 0.92322 0.93380 1.02307 0.91275
22 1.20001-02 1.7308 400 1.00000 0.99909 0.96359 0.96891 1.01106 0.95831
23 1.4000"-02 1 ,79 4 +0 0  1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
Z4 1.6000"-0Z 1.8243-+00 1.00000 1.00004 1.01266 1.01070 0.99613 1.01462
25 1.8000-02 1,8096* 00 1.00000 0.99936 1.00523 1.00435 0.99824 1.00612

0 26 2.O0000-OZ 1.7994-+00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

80020108 Delery/Copy/Reisz ?urbulence Data

I - 3,0500B-01 DZLTI - 2.00008-02 UII" - 2.96401+02

I T U V x U' V. -U'V'

1 1.0001-3 -1.2557Z-1 -2.79553-3 1.09703-1 1.68403-1 9.56871-2 4.74973-3
2 1.SO00-3 -1.06231-1 8.47713-4 9.27503-2 1.84103-1 1.04993-1 6.12442-3
3 2.00008-3 -6.84973-2 -3.57823-3 S.98403-2 2.03109-1 1.16858-1 8.85233-3
4 2.50008-3 -3.90031-2 -2.2S571-3 3.41303-2 2.19411-1 1.31541-1 1.15343-2
5 3.00008-3 1.05183-2 -1.1SS73-2 1.61903-2 2.S393-1 1.37941-1 1.58363-2
6 3.50003-3 4.31942-2 -8.8814-3 3.84803-2 2.59273-1 1.44743-1 1.77553-2
7 4.00001-3 1.05561-1 -1.41073-2 9.29801-2 2.8583-1 1.49601-1 2.05701-2
4 4.50001-3 1.75771-1 -2.62S33-2 1.55403-1 2.82085-1 1.54851-1 2.20003-2
9 5.00001-3 2.4453-1 -2.4741-2 2.15803-1 3.05933-1 1.57881-1 2.4282-2
10 5.50001-3 3.10981-1 -3.09273-2 2.74603-1 3.10823-1 1.609S;-1 2.45203-2
11 6.00008-3 3.86121-1 -3.4721-2 3.42003-1 3.15141-1 1.53203-1 2.39753-3
12 6.50003-3 4.56203-1 -3.86791-2 4.05903-1 3.16373-1 1.S793-1 2.13763-2
13 7.00001-3 S.1 543-1 -3.84103-2 4.6420-1 3.1580;-1 1.46061-1 1.93893-2
14 7.50003-3 6.00741-1 -3.98123-2 5.40301-1 3.06233-1 1.3S348-1 1.80843-2
15 8.00003-3 7.00811-1 -3.89493-2 .36403-1 2.86353-1 1.23853-1 1.38951-2
16 8.50003-3 7.38881-1 -3.61528-2 6.73803-1 2.79753-1 1.19243-1 1.24303-2
17 9.0000-3 8.00882-1 -3.2834-2 7.36103-1 2.48691-1 1.11228-1 9.42333-3
18 9.S0003-3 8.40978-1 -2.23923-2 7.76603-1 2.296$3-1 1.04251-1 8.35513-3
19 1.00003-2 &.81402-1 -1.69953-2 8.18703-1 2.00203-1 9.60928-2 6.29013-3
20 1.10003-2 9.4104X-1 -4.50133-3 8.8250-1 1.52733-1 8.52768-2 4.73383-3
21 1.20003-2 9.74428-1 8.9553-4 9.21103-1 1.01623-1 6.95753-2 2.2034-3
22 1.40003-2 1.0071.0 1.12203-2 9.55903-1 5.40433-2 5.25271-2 9.43801-4
23 1.60043-2 1.01851+0 1.16313-2 9.68003-1 3.41983-2 3.68263-2 1.60292-4
24 1.80003-2 1.01218.0 1.10241-2 9.60901-1 2.82113-2 3.10711-2 3.22518-6

D 25 2.00003-2 1.00771+0 7.23053-3 9.55903-1 2.39293-2 2.56441-2 4.33651-5



12-B-6 8002-C-3

00020128 OELERY.COPYREISZ PROFILE T40SULAT:ON Z6 POINTS, DELTA AT POINT 26

I r PT2/P P/PD TO/TOLJ N/N U/U0 T/TO R/R D*U/UD

* 1 0.0000*00 1.0000-+00 1.00000 0.98415 0. 0 00000 1.16070 0.00000
2 1,000-0 1, .0 3S'+00 1M00000 0.99937 07593 0, 7r0i8 1:0T03 0O

0 2.0000-03 1,4541 "00 1.00000 1.00022 0.793:6 0.81671 1.05999 0.77049
4. 3.0000-03 1.4804-*00 1.00000 0.99998 0.81311 0.93491 1.05432 0.79189
5 4.00001-03 1.4982-+00 1.00000 0.99975 0.92610 0.846T0 1.05049 0.80600
6 S.0000"-03 1.5018.00 1.00000 0.99963 0.82874 0.84906 1.04963 0.80891
7 60000 103 1:5231"+00 1:00000 0.99932 0.84384 0.86287 1.04562 0.82523
8 7.0000-03 1.5280".00 1.00000 0.99975 0.84722 0.86590 1.04460 0.82894
9 a.0000*-03 l.54Z10.O0 I.0000 0.99911 0.85693 0.87466 1.04181 0.83956

10 9.0000-03 1.5571*+00 1.00000 0.999i5 0.86707 0.88376 1.03887 0.85069
11 1.00001-02 1.5630"400 1.00000 0.99935 0.87097 0.80713 1.03744 0.85511
12 1.1000-02 1.5784a 00 1.00000 0.99941 0.80111 0.89623 1.03460 0.86625

4 13 1,20O0-02 I.59Zz2+00 1.00000 0.99960 0.890U9 0.90431 1.03222 O.87608
14 1.3000"-02 1.6033.-00 1.00000 0.99936 0.89716 0.9107I 1.03044 0.88381
15 1.4000-0Z 1.6178-+00 1.00000 0.99997 0.90624 0.91890 1.02791 0.89385
16 1.5000-02 1.6321-+00 1.00000 0.999s1 0.91511 0.92655 1.02S16 0.90381

* 17 1.6000"-02 1.6483-+00 1.00000 1.00010 0.92493 0.93531 1.02257 0.91466
18 1.7000*-02 1.6622Z.00 1.00000 0.99962 0.93327 0.94239 1.01963 0.9Z424
19 1.8000-02 1.6726-+00 1.00000 0.99973 0.93939 0.94778 1.01793 0.93109
20 2.0000-02 1.T0031 00 1.00000 0.99949 0.9544 0.96159 1.01291 0.94933
21 2.2000-OZ 1. 300:+00 1.00000 0.99972 0.97213 0.97608 1.00815 0.96809
22 Z,

4
000-OZ 1:7454 00 1.00000 0.99939 0.95057 0.98315 1.00527 0.97800

23 2.60001-02 1.75T3+00 1.00000 0.99985 0.98701 0.98888 1.00379 0.98515
24 2.8000"-02 1.TT09-+O0 1.00000 0.99957 0.99430 0.99495 1.00130 0.99365
25 3.0000-OZ 1.TT960+O0 1.00000 0.99977 0.99894 0.99899 1.00009 0.99890

0 26 3.2000u-02 1.7816-+00 1.00000 1.00090 1.00000 1.00000 1.00000 1.00000

80020128 Delnry/Copy/Reisz Turbulence Data

I - 5.40009-01 DELTA - 3.20001-02 UINF - 2.9680E+02

I y U V m U. V -UIV'

UIN UIN UlIN UIN UINI2

1 1.00001-3 7.78981-1 -1.65671-3 7.13101-1 8.5344E-2 4.03641-2 1.08092-3
2 2.00001-3 8.16713-1 -6.22643-3 7.51301-1 8.18401-2 4.8349Z-2 1.17381-3
3 3.00001-3 8.3491Z-1 -2.94341-3 7.70101-1 8.10311-2 5.73451-2 1.09043-3
4 4.0000R-3 8.46701-1 -3.30531-3 7.82401-1 7.88411-2 6.2230Z-2 1.1749E-3
5 5.00001-3 8.49061-1 -4.511519-3 7.84901-1 8.09641-2 6.56001-2 1.51101-3
6 6.00001-3 8.62871-1 -1.41851-3 7.99201-1 7.86733-2 7.05865-2 1.30771-3
7 7.00001-3 8.65902-1 -2.9067X-3 8.02401-1 7.95823-2 7.21701-2 1.56661-3
8 8.00001-3 8.74661-1 -3.16641-3 8.11601-1 7.70221-2 7.22049-2 1.56471-3
9 9.00001-3 8.83761-1 -1.08761-2 8.21201-1 7.90091-2 7.33491-2 1.69941-3

10 1.00003-2 8.87131-1 -2.50711-3 8.24901-1 7.74931-2 7.39229-2 2.12851-3
11 1.10009-2 8.96231-1 -3.40633-3 8.34501-1 7.70551-2 7.2776Z-2 1.92763-3
12 1.20001-2 9.04311-1 -5.36393-3 8.43103-1 7.55393-2 7.05199-2 1.84471-3
13 1.30001-2 9.10713-1 -4.38341-3 8.49701-1 7.65503-2 6.98111-2 1.85041-3
14 1.40001-2 9.18801-1 -6.14899-3 8.8301-1 7.46291-2 6.64423-2 1.91399-3
15 1.50003-2 9.26551-1 -5.51211-3 8.66701-1 7.35851-2 6.86321-2 1.87531-3
16 1.60003-2 9.35311-1 -:.43063-3 8.76001-1 7.04851-2 6.60711-2 1.84703-3
17 1.70003-2 9.42393-1 -8.6166-3 8.83903-1 6.93063-2 6.36461-2 1.53589-3
18 1.80003-2 9.47781-1 -7.38881-3 8.89703-1 6.75883-2 6.19271-2 1.629C,,-3
19 2.00003-2 9.61S91-1 -8.5849-3 9.04901-1 5.89623-2 5.56271-2 1.06451-3
20 2.20001-2 9.76083-1 -1.20323-2 9.20709-1 5.13481-2 4.74733-2 8.13941-4
21 2.40008-2 9.83151-1 -1.16811-2 9.28703-1 4.61251-2 4.5047E-2 6.92702-4
22 2.60003-2 9.88881-1 -1.10181-2 9.34801-1 3.87133-2 3.81061-2 3.57811-4
23 2.80001-2 9.94951-1 -1.07581-2 9.41701-1 3.47043-2 3.39623-2 3.44993-4
24 3.00003-2 9.98993-1 -1.35883-2 9.46103-1 2.98051-2 2.99731-2 2.17733-4

0 2S 3.20003-2 1.00003+0 -1.15573-2 9.47101-1 2.58369-2 2.72171-2 1.25101-4

I
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M: 1.26, 1.30, 1.45 (nominal 8003
ahead of shock)

R Theta x 10-3: 2-3

TW/TR: Appr. 1 QNS

Continuous tunnel with symmetric contoured nozzle.

W = 0.12, H = 0.10, L = 0.53 m.
PO: 90 kN/m

2. 
TO: 300 K. Dried atmospheric air. Re/m x 10-': 14.

COPY C., REISZ J., 1980-1983. Analyses exp~rimentales d'une interaction choc-couche

limite turbulente A M = 1.26, 1.30 & 1.46. ONERA R.T. 42, 44 & 59/7078.

Aa_d: Doilery (1983), CATBOO2T, J.M. D61ery, private communication and data tapes.

I The test boundary layer was formed on the floor of the tunnel downstream of the nozzle
throat, formed by inserts let into the floor and the roof. The forepart of these was a
circular arc with radius 0.452 a (01/02) or 0.4 m (03), faired into the floor with a
20 - radius. The coordinates of the afterparts (X = 0 at the start of the bump) are
given in tables 1 & 2 below. The maximum heights were 5.14 mm (01/02) and 10 = (03). The
throat was approximately (E) 0.2 m from the start of the parallel part of the tunnel. An
adjustable second throat about (E) 0.63 m from the start was used to control the position
of the shock wave, and isolate the flow from disturbances originating in the diffuser.

8 Measurements started upstream of the wall pressure minimum. Separation was not observed
for series 01 or 02 - nominally "incipient", but for 03 it was separated over the
approximate range 0.195 < X < 0.24 a. The range of measurements and the approximate shock
positions on the tunnel centreline were:

Series: Range of profile X-values: NX: Shock at:

01 0.105 < X < 0.280 22 0.128

02 0.130 < X < 0.320 20 0.163

03 0.160 < X < 0.340 17 0.203

Wall pressure was measured at 35 points on the tunnel roof and 56 points on the floor.
The distribution for series 02 is given in table 3. Instrumentation and procedures were
the same as for D6lery et al., CAT8002, save that there was no interferometric survey
reported. The profiles were supplemented by traverses made at constant Y both in the
"inviscid" flow, and at low values of Y near the shock foot.

As for CAT8002T, the editors have presented the data obtained from the magnetic tape (PC)
12 with the additional assumption that errors introduced by setting the pressure for a

profile at the wall value will not be too serious, so as to present functionally complete
data. The editors have interpolated these pressure values to the X-values of the profiles.
There are three series at increasing nominal peak pre-shock Mach number. The profiles

13 cover the boundary layer as it passes through the shock/boundary-layer interaction and
recovers downstream, with no separation, incipient sepatation and a relatively small
recirculation zone.

§ DATA: 80030101-0317. Two-component LDV profiles for the mean and fluctuating velocities,
and their cross correlation. NX = 22, 20 & 17. Wall pressures.

Editors' Comments:

15 These studies continue the work done in the asymmetric arrangement of CAT8002T, and the
same general criticisms apply. The interactions here are not so extended - two of them
not involving separation - so that three-dimensional effects would nut play so strong a
role. Taken together, within those reservations, they provide impressively complete
coverage of the velocity field of a side-wall bounded quasi-normal shock boundary-layer
interaction. The experiment is again discussed in D61ery (1986), D6lery & Marvin (1986).

The editors' assumption of constant static pressure along a normal again leads to dubious
values near the interaction. On the evidence of the total pressure profiles, profiles
0102-7, 0204/5, 0302-8 seem to be significantly affected. The assumed pressure is up to
50% too high in front of the final shock (0106). The low values behind the shock are not
so marked, and could not be seen in series 02. Integral values in this region are wrongly
evaluated and in any case have little meaning.
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Again, the lack of wall shear-streas values sakes it impossible for us to carry out our

usual detailed profile criticism.

However, downstream mean-flow profiles are plotted above in figures (10.4.3-5) using

wall shear stress values calculated from the ZPG correlation of Fernholz (1971). Turbulence

date are shown in figures (11.2.27-28) and (11.3.11-12).

Table 1: Coordinates of test surface for series 01 & 02.

XXms ZME xi Z X, Z

0 5.141 46 3.064 92 0.636

2 137 48 2.928 94 570

4 123 50 794 96 508

6 100 52 661 98 450

8 068 54 532 100 396

10 028 56 406 102 345

12 4.979 58 281 104 298

14 922 60 159 106 255

16 856 62 041 108 217

18 782 64 1.924 110 181

20 699 66 812 112 150

22 608 68 701 114 121

24 508 70 594 116 097

26 400 72 490 118 075

28 284 74 389 120 057

30 162 76 292 122 041

32 033 78 198 124 028

34 3.901 80 107 126 017

36 764 82 020 128 010

38 625 84 0.936 130 004

40 484 86 856 132 0

42 344 88 779

44 203 90 706

Table 2: Coordinates of test surface for series 03.

X'M Zmm X, Z X, Z

0 9.997 64 5.723 128 0.993

2 991 66 519 130 913

4 975 68 318 132 836

6 949 70 119 134 764

8 914 72 4.922 136 695

10 869 74 729 138 630

12 815 76 540 140 569

14 751 78 354 142 511

16 677 80 171 144 458

18 695 82 3.993 146 408

20 504 84 818 148 361

22 403 86 647 150 318

24 294 88 480 152 278

26 176 90 317 154 241

28 048 92 157 156 208

30 8.912 94 002 158 177

32 767 96 2.851 160 150

34 614 98 704 162 125

36 453 100 561 164 103

38 284 102 422 166 082

40 109 104 287 168 060

42 7.928 106 156 170 043

44 741 108 029 172 029

46 550 110 1.907 174 019

48 354 112 788 176 010

50 155 114 674 178 004

52 6.954 116 564 180 0

54 751 118 469

56 546 120 357

58 340 122 260

60 134 124 167

62 5.928 1 126 078. __L
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Table 3: Pressure distribution on test surface for series 02.

-.1120 .7139 .0830 .4665 .1630 .5300 .2680 .6395

-.0720 .7364 .0880 .4371 .1680 .5480 .27R0 ,6408

-.0520 .7342 .0980 .4105 .1780 .5748 .2880 .6416

-.0320 .7344 .1030 .3960 .1830 .5870 .2980 .6407

-.0120 .7427 .1080 .3916 .1880 .5977 .3080 .6416

-.0020 .7663 .1130 .3845 .1980 .6144 .3180 .6405

.0080 .7295 .1180 .3817 .2030 .6198 .3280 .6406

.0180 .6832 .1230 .3774 .2080 .6279 .3380 .6403

.0280 .6468 .1280 .3746 .2180 .6308 .3780 .6378

.0380 .6105 .1380 .3684 .2230 .6325 .4180 .6296

.0480 .6784 .1430 .3626 .2280 .6341 .4680 .6090

.0580 .5450 .1480 .3596 .2380 .6357 .4980 .5724

.0680 .5085 .1530 .4179 .2480 .6382 .5380 .4996

.0780 .4768 .1680 .4994 .2580 .6384 .5780 .3863

Pi = 9-6 104 N/s'

CAT 0603 COY, RE1Z 12UAQY CJNUT!)3S 1N4 VALUTSD 98TA. SI UNITS

03N 40 * TM/TO 024 C 91Z H12K P4 PD
I a P00 0 / =/2 50 -432 432K TA TO

RZ 003 TA'JW * 2 042 4Z 02K UO* TR

8 030101 1.2440 1.0200 9.4690-4 N4 2.3039 1.8032 3.3239"*04 3.0280=fl4
1.0500=-01 9.658 04 1.0000 1:2003:.03 N 1.8923 1.8 020 2.74 9" 02 2.1311""
1481441E 2.493"*0 '8 4. 4'-6S 49 a. 1430 8.'63"-05 3.69 3"'02 2.7 07**02

80030102 1.1940 1.000 1.774"3 N4 2.2381 1.6492 3.460"0C 3.4560l04
l.15000-00 9.4970"*04 1.0320 2.1951.03 NM 1.3206 3.924U 2.7934.02 2.18;02
28FINITE 2.861013 18 l'534"-u4 N4 0.j946 1.5240-04 3.8030".02 2.793".02

83230100 1.0040 1.000 2.T4602*03 q4 .1946 1.5911 3.7800".0' 3.7i00r.04
1. 1 2.-0.059*050 5 0 . 03 14 19 .1 2 3,302 2.139 ?*0,
04NF144NITE 2.863"02 48 1.5697"-34 9 3.2968 1.7070-04 3.8300r02 2.7333.0

80030104 1.3120 1.00 3.39@7:,3 N 2.:1702 1.4492 4:2300"04 4.2301::04
1.2U-1 1113.S 190 .044J0 4 1A0992 1.06 ~ 2.7026t0 2 2.1 343 02

816921T0,691 . 000 2 .5746"-34 N4 0.3162 2.7522-04 3.0430--02 2.?327-.02

80030100 11.0090 T7521:03 N1 2.3113 1.477 4.:00:0 4 .500:104
1*200T-01 1*814..05 1.300 9.400e03 44 .840 1:00 5 1:14:10 2.1272.0

INFENitTO 2.948002 MM 4 .T734-04 4 -0.0336 5.21,39-04 3.81000 2.7914 02

80030006 1.2830 1.0000 1.099604 44 2.216 0.4174 4.8600t04 4.860004
1-2700-01 1.326r.05 1.3000 1.9740 J

4  
4N 1.7879 1.7799 2.7953'02 2.054 2

I;F8ZN0T0 2.0982 9 44 7.0304"-f4 9 -0.0234 1 .0579-03 3.7930.02 2.795 J.02

80030107 1.0600 1.0000 T.6525i*3 9, 2.1739 .. 6526 4.900T:04 4.O0000
1*30000-01 1.006105 1.3000 0.0587'.00 94 1.693 1.75S 2.8267 02 20529" 02
I4FIN1TE 2.8016002 4N4 58657"-u4 N4 0.067 6.117S-04 3.2600-+02 Z.Z6T'+0

800301!0 "3.263 1.0000 3.1704" S3 N" 3.4231 2.77 5.1750t04 5.17S0"04
3.3000-01 9.0004304 1.0000 4.179.7 3 44 1.4464 1.4449 2.8364402 2.6I86 .. 2

3.01I417 2*'03*02 88 3834-0 444 -0.0038 3.5232-04 2.9120.0Z2 .8364 .12

80030109 0.9016 1.0000 S. 0673".53 N4 3.1327 2.6169 5.3100-.04 5.3109'+04
1.4000-01 .9964.. 04 1.0020 i*aJ480"03 N 1.3019 1.4970 2.4398'-02 2.4797--02
14FINITE 2.8817402 94 4.2355"-04 4. 9.0154 4.7043-04 2.8460.0T2 2.8399'-02

8030110 9.8900 1.2000 s-3190"*9? N4 2.9031 2:4492 5:4723,04 0.4720.04
1.45004-01 9.1643".04 1.1000 T.211""03 49 1.399 1.0415 2.8384.00 2.4154.:0

29018170 0.8790".02 2.8 5.1916"-04 0.0136 5.703-04 2.81800 2.8389,02

06030111 0.8732 1.2330 1.S050"*T3 2 0.8220 2.33*3 0.51"-04 0..71.02

1-500001 9.1003o34 1.000 7.312"4, 3 44 1.5436 1.5361 2.8392.02 2.4979.02
19F1441T5 3.07000.02 48 0 "-04 444 0.0137 5*98Cr-O 2.7670"*02 2,8392*02

80030112 0.370 1.2300 7.7696"443 44 2.4750 2.0902 3.680004 0.600004

1.00-01 91942'-04 1.)000 4.5633'.03 M49 1.5994 1.0815 2.8411-*02 2.5103-0
INFINITE 2.8745-02 4M8 6.4172"-04 N4 0.0276 6.9455--04 Z.?40-00 2.0611-0

80030113 9.q450 1 2 .247::03 N4 2.3150 1.9563 5.7$10:*04 5.7510:*04
1.6000 -81 .)17S8".04 1.00)0 .0510"*03 99 1.6170 1.6009 2.0414 02 .191 00
1400114 .78"32 8 4 2.6309":24 44 0.210 7.3.43-04 2.699.0 2 2 .8414".0?

80030114 0.8261 1.0000 3:4116":3 4 2.0737 1.8366 5.8q50-.04 5.8)50-.04
1.7000-81 3.2249*04 1.2000 1.0311*). .4 1.6343 1.6295 2.842s.02 2.537s.I0
900308178 0.41441? 0 M ?.1235"-04 N4 U.0168 8.3997"-04 2.6360-02 2.8.25*02

800030110 0.8144 1.030 4.1008""03 44 1.0015 1.6043 5.9580'.04 5.9531.04
1.*001-0 9.2IN37"*0 1.030 1.0013--04 M4 1.7075 1.7033 2*94J3'+02 2.5413'-02
18017471 7.0704"2z 48 7.6513"-u4 N 0.0104 1.0312--04 2.6030-.02 2.8433*02

80030116 0.4082 1* 000 1- 00B8 14 419 1.3652 1.6504 6.0030"0l 6.003004
1.900-01 9.2267"04 1.0070 1.9977",04 1 1664 1.6030 2-86496*02 2 56 *0

244814270 2.0798.02 448 . 42236-34 49 0.3 32 _95N0-04 2.5860..02 2.8443 0

04 Rif n 9 95m 1u 2E 96nn
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CAT 8003 COPY REISL 0Ot3.7RY CONOITONS AND cV&LUATO3 DATA, 51 UNITS

RUN 90 T T6/TR* 0E026 CA 't Hn 128 Pw P'

X 5 P0 06/P0 0E0Z0 C 032 '132K T, Tj

R! TOO TAUw * 12 P12 .44Z OZK U* TR

80010117 0.0017 1.4000 1.0026".04 N- 1.4007 1.5095 6.0120-04 6.0120-04

2.0000-0l 9.1718-.04 1.0000 1.0923+04 M-1 1.7346 2.7312 2.866A..02 2.5324".02

INFINITE 2.805-02 NH 1.43624-04 N4 0.0125 8.9237T-04 2.5S83",02 2.8464-.02

800301t 0.8007 1.0000 1.0349'.04 N41 1.7501 1.4615 6.0300".04 6.0S0j5*04

2.1000-01 9.1912-04 1.0000 1.1278"04 44 1.7514 1.?491 2.0461-.02 2.552V".o0

INFINITE 2.4901--02 NM 3.7210--04 N4 .03U)Z 9.1682"-04 2.0650-02 2.8461-02

80030111 3.T979 1.0000 9.9060'"03 Nim 1.6164 1.410? 6.0210-t04 6.0210*04
Z.2000-01 9.1590.*04 I.V000 1.07q8-0 NO 1.T73 1.7752 2.8162'".2 2.554702
INFINITE 2.0'0--02 4M 0.3914-04 NO 2.0065 8.7993-04 Z.SS0".02 2.0462-02

03030120 0.0002 1.0000 1.0324".-U '4 1.4369 1.3564 6.0120"-4 6.0120"*?4

2.4000-01 4.1662'-04 1.3000 1.1209.04 NM 1.9030 1.4314 2.470*02 2.5540-G2
INFINITE 2.88II-02 NO 0.7259--04 -4 0.0004 9.1053-04 2.5640*02 2.84Tr*00

80030121 0.1T43 1.0000 1.0716--0U4 94 1.6009 1.3321 6.0120'+04 6.0120-04

2.6000-01 9.1120t04 1.0000 1.1641-.4 N4 1.9152 1.8137 2.8470-.02 2.557a67Q2
INFINITE 2.8805--02 NM 9.1396--v4 NO 0.00 9.5114-04 2.4T2.+02 2.0477.00

8003012Z 0.T362 1.0000 1.0381.04 I'm 1.5676 1.2979 6.0120-j4 S.0120-.24

2.8000-01 9.1299.0t4 1.0003 1.1846-04 NO 1.8254 1.8241 2.8'59-.02 2.50;6..02
14FINITE 2.8796"+02 4N 9.2516-04 h 0.0020 q.6151'-04 2.552)'.02 2.84il-.02

80030201 l.z9j0 1.0000 1.9652-33 NO 2.2 01 1.6166 3.3480-0 3.2430U04
1.3000-01 9.1807.04 1.0000 2.3044-.03 N-4 1.4126 1.9102 2.7967-.02 2.1521'-02
11FINITE 2.9716-02 NM 1.5874'-04 NM 0.)343 1.6735-04 3.8030U.02 2.7067-.0Z

00030302 1.3060 1.3000 !.3568"*.3 NO 4.1030 3.3506 3.2443-"t0 3.)41'.04
1.4000r-01 9.20171'04 1.0000 2.1230-03 NM 1.TI76 1.7105 2.796'.002 2. 11502
IF1NITE 2.6722 02 4N 2.0132"-04 NI 0.1819 2.3071-04 3.83202-02 2.73,2.U02

80030203 1.3220 1.0000 2.3116--03 NI 2.4859 1.7063 3.267U'.04 3.26'0".04
1.5006-Ol 4.3292'-04 1.0000 2.906-03 N4 1.9591 1.80543 2.7999.2 2.0007-U02
INFINITE 2.8T55.02 UP! .9623--04 N9 0.0126 2.1316-04 3.8690-02 2.7900"02

80030206 1.333g 1.0000 6.46691+03 N4 2.4352 1.5163 4.1221"04 4.1220"-04
1.5500-01 1.1949t005 1.3000 3.0634--03 N4 1.7050 1.7799 2.7973"-02 2.1217"t02
INFINITE 2.8707+02 NM 4.3049--04 N -0.0154 4.8199"-04 3.4930"+02 2.7373-02

00030203 1.2990 1.0000 1.4240".04 NO Z.4997 1.7533 6.6170 0t4 A.6173.04
1.6000-01 1.2775' 05 1.0000 1.7623-.04 NM 1.7490 1.7 J1T 2.8047.02 2.1535-+02
INFINITE 2.0003.+2 NO J.7706 -04 N1 0.0119 9.9139--04 3.4223"02 2. 804T'*02

00030206 0.9854 1.3000 5.4644"+03 NI 3.4623 2.7846 4.0600'+04 4.1600-+04
1.6S00-01 ).0*50.*4 1.0000 6.2091%v3 N1 1.513 1.50050 2.16..02 2.3 8.+02
INFINITE 2.447-02 4M 4.4626'-04 N4 -0.0033 5.0605w-04 3.06003-02 2.9162".02

80030207 0.9329 1.3000 -.8224".03 N4 3.2335 2.6666 4.9950U.0. 4.9950"04
1.T000--01 9.7590'-04 1.0000 1.6544-.03 N4 1.5226 1.5139 2.0327-.02 2.4505-02
INFINITE 2.77O -02 90 5.9140--04 59 0.0020 6.4772-04 2.9280"02 2.0327*02

80030200 .09367 L.3000 7. 32'5"03 N6 3.2172 2.6394 5.1030"-0. 5.1030".0
1.T000--01 8.9963.04 1.0000 3.7933'-03 N4 1.3076 1.4192 2.8340-02 2.439"-02
INFINITE 2.8716-.02 4N 6.50211-04 60 0.0003 7.2754"-0. 2.9390'-02 2.8339--02

80030009 0.9109 1.0000 8.7292'*03 N4 3.0163 2.3128 5.2200.-0. 5.220D-04
1.0000-01 8.9340"-04 1.)000 ?.7413".03 NA 1.5307 1.0222 2.0346'+02 2.4712*02
INFINITE 2.8013"02 NO 7. 3320-04 N 0.0100 8.0446"-04 2*d710 .02 2.83906'02

80030210 0.0874 1.0000 7.0367'.03 NM 2.S617 2.2181 5.4090--04 5.4090-.00
1.9000-01 9.0247-.04 1.0000 1.0921-004 N 1.5624 1.5546 2.8302-.02 2.4372".C2

9F*1817 2.0709*+02 NO 4.21N-4 N 0.0099 R-9.09-04 2.8060"*02 2.8302"-02

80030211 0.8643 1.0000 1.0035-04 N4 2.4100 2.0131 5.546400. 5.5440- 04
2.00013"-0l 9.02S6'04 1.0000 1.1613-.04 N4 1.6009 1.5337 2.8410-02 2.5055'+02
INFINITE 2.8749--02 14M 3.0

2 
Z3-J4 m 0.0110 9.5693"-0. 2.7430-.02 2.80;0.02

0000Z12 0.3507 1.(000 1.1201".j4 P)9 2.1603 1.6015 5.6250"+04 5.6250.104
2.1000-01 9.0281.-06 1.0000 1.2336--04 N4 1.6306 1.6334 2.8413.02 2.5161"02
INFINITE 2.4791--02 NN ). 36.-04 N4 0.3083 1.0160-03 2.7053".02 2.8413m.02

80030213 0.0660 L.0030 1.0960.04 N9 2.2373 1.6704 3.6794* 04 3.67600,04
2.2000"-01 1.0T04.24 1.3000 1.2063".0 N4 1.6749 1.6696 2.8410..02 2.5108t02
INFINITE 2.,7)3"02 Nm 1.21.T-04 N4 0.0021 9.8T82'-04 2.6920"02 2.8419".02

80030214 0.0504 1.3000 1.0330"0'4 N4 1.9623 1.6090 5.7060"+04 5.7060'+04
2.3000-01 9.1552-0.4 1.J000 1.2041.04 N4 1.6930 1.6906 2.8431"t02 2.5160"*02
INFINITE Z.8809'-02 'IN 9.132-7"-4 NI 0.0042 9.7746-04 2.700-.02 2.8031-02

80030215 0.0330 1.9000 1.04!3-,Q4 NO 1.0223 1.4071 5.T24U'+04 5.T240".04
2.4000-01 9.0230"-04 1.0000 1.14 T7.04 NO 1.T368 1.73j3 2.3'50.02 2.1209.02
INFINITE Z. 916--02 N" 9.3412--04 NO 0.3060 9.3756-04 2.6590--02 2.8450'.02

000030216 0.293 1.0000 1.0215,.04 N 1.7770 1.4565 5.7240-.04 5.7240'-04
2.$0000-01 0.9066'-04 1.9000 1.11)S-.04 N1 1.754 1.7508 2.844S102 2.5324--02
I*FINTYe 2.8807-02 NO 3.T151-0. N 0.2029 9.2094"-04 2.6460'"02 2.8.4502

00030217 0.0103 1.0.00 ).1219-.03 NO 1.7641 1.4481 5.7510.04 5.?$10" 04
2.6000-01 6.3297'-04 1.3000 ).

9
01 t

4 3 N4 1.7563 1.7547 2.8452-.02 2.540A".02
INFINITE 2.40060*02 98 7.9710-04 N4 O.JOll .3125-04 2.6103",02 2.o.52".O2

0030219 092)z 1.00u0 1.0O4 '4 N4 1.683a 1.3736 5.7600.0 5.7609"q04
2.0009'-01 8.i508s04 1.0030 1-1964 04 NO 1.7926 1.7905 2.8443-02 2.5383-02
INFINIT 2.4708302 'O 4.306'-04 N4 -3.4016 9.719-04 2.6200-.02 2.8444-.02
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CAT 0303 COPY. Rsz OUNDART C2P.ITI)N$ IN) VALT615 24TA 5 UNITS

RUN No * TN/T* R O24 C. 112 H12K PA. "I
A *0 P/P0 NS)2 Co a32 H32K zg T I
R2 T0D T8U6 * )2 PI2 142 9ZK U3 .

90030219 0.3129 1.2000 1.1052 04 N4 1.342 1.3.15 5.T6903*04 5.37S90o'04
3.000-01 1.900004 1.0020 1.2073 04 NI 1.4096 1.8068 2.861*"02 2.543.r02
OIPNITE 2.8811.02 NW 3.5717 -04 NI 0.0048 9.9939-04 2.6000 02 2.8441*UZ

80030220 0.8108 1.0000 1.36 .5'04 N% 1.6030 1.31017 .7690 04 5.T490.04
3.2001W-01 8..832'04 1.0020 1.16 6 04 NI 1.254 1.8239 2.462*02 2.5462*02
NPINITE 2.8810.102 nO 9.2613"-04 98 0 .0.6 9.6382-04 2.5940* 02 2.3462*,2

80030301 1.4350 13000 4I5,2::03 NO 3.0427 2.1261 2:8080.s0 2.8080*04
1.600001 '7 0 2-396 3 NI 1.00 1058 2.7773"02 2.02N-3:04

INONIT 2.8642.0 NM 1.6371"-04 44 0.0523 1.8113'-04 4.0;8O02 2.773..02

80030302 1.4840 1.0000 2.3514 32 NI 2.992 1.962 062 0600 *04 3.060..01
1.0500.-NI 1..6.00 1.0000 4-6019 3 NI 1.3140 1.037 2.1787S12 l.9o,6.02IOF108TE 2.8170402 9M 2.5920. 04 NI -2.3064 2.9 39-04 4.2100 .02 2,7797 0

800303 1..T7 1.0000 1.0151::03 N- 3.2345 2.1067 3.8140 t04 9.18660004
1.9000-01 1.3:50:05 10000 t1.755. 24 00 1.7400 1.171 2.3851".02 2.010.02
INFINITE 2.8751.02 38 5.7154 -4 N -0.0134 6.6906--04 4.170r0-O2 2.7052.0

80030304 1.2750 1.0000 7.3058'-03 NI 4.4323 3.4334 4.050.O04 *.0501:-04
1.9500-01 1.0848-.05 1.0000 q.9T77.03 N4 1.5623 1.4379 2.8011-.o 2.1q2"022
INFINITE 2.0745.S22 4M 5.2319-04 N 0.040 4 6.0127-01 2t.. 50'oZ 2.3u1"02

80030305 1.2300 1.2)00 *.61
4
2-ou3 N4 4.5344 3.5347 6.1402*0'. 4. 2-o304

2.000-01 1.0443::05 1.0000 .16
6 3

-- 04 N4 1.7108 1.860 2.7978 *o2 2.130.32
INFINITE 2.a56.02 NM 1.0039-04 NI 0.0314 7.93 59-04 3.6520'*02 2.75 02

8003004 1.090 1.1020 263.03 84 9.3458 7.828 4.294041t 4.2]90::04
2.0500-01 N.8995--04 1.0020 4.9896103 4 1.5461 1.5T22 2.7T31.02 2.2327.T2
I0F1IT 2.8301*02 NM 9.5034-04 41 0.254 4.173.-04 3.0170 02 T2771-.02

80030307 1.0260 1.0000 3 2648:03 N4 14.17T4 11.4310 4.2570:04 4.ZT?77.4
2.100"-01 8.3005"04 1.uOl 3-7478.03 N' 1.43R2 1.4641 28043.02 2.3,93".022NF2N270 2.560"'02 ON 2.8334"-04 49 -1.6354 3.497Z"-04 3.1500".02 2.N8 1 0

00030308, 1.03 " .3000 4213"3 NI1 .100 7115, 4.01,2N04 4.4010,:0
2.200001 0.6414 54 1.0000 T.3904*03 NI 1.5079 1.521b 2.6277" 02 2.3707.02
ONFINITS 2*02068 2 NW 5.5136-04 N4 0.0209 6.2745--04 3.1910'02 2 .N16".72

80030303 1.0250 1.,000 1.1145-04 N1 5.3632 4.7452 4.6173).04 4.617,-04
2.3000-01 9 0326::04 1.0000 1.2796.-04 N4 14T71 1.450 Z.8276-+02 .37"'*2
IIPINIT 2.8799 02 4M 8.1714"-Q4 N4 2.2671 9.!03"--04 3.1780'02 Z.8275*0?

80030310 9.9963 1.000 1:51 ::04 NI 3.7300 3:1201 4.300 4.0690*042.4300-01 9.1730'04 1.000 1. 071404 41 1.5225 1.1120 2.019 ".02 2.10.21-
0'4P0NITK 2.891402 NM 120483-03 NI 0.332 1.427"-03 3.0360".03 2.8295 *02

90030311 0.605 1.0020 1.704:' N4 2.0909 2.466 0.112 0 .112J,(N2.000-01 3.2440O04 1.2300 2.Q123 0 N- 1.5520 1.5405 2.32991.Q2 I.4q ',
4N14MITE 2.8765 .02 40 1.5047.-03 N4 0.0Z55 1.6683"-03 3.0012*.02 2. 899 02

80030312 0.9323 1.0000 2 1202" 54 I 2.4940 0.049 5 ON2rzo. 5.2'2 'O2.6000-mf 92"1 36 .04 1.2030 I'87l3*T4 0 1.5909 1.5826 Z.933302 2.4t22+02INPINITE 2.8782"*02 N 1.7076-3 NI 0.3225 1.8732-03 2.9270".02 2.8333"'02

80030313 0.9015 1.000 1.9913::54 N4 2:411 2.0621 5.4270o. 5.4TO".04
2.7000*-01 9370. .. 1.0000 2.:179".24 1 1.6006 a.5320 2.0362".02 2.'i r*OoINPINITE 28782' 02 N.l 1.6262-03 NI 0.0173 1.7752"-03 2.8440..02 2.8364..02

80030314 0.8836 1.0000 2.*1323t-0 N, 2.1205 1.7343 5.5170' 04 5.5170*0,
2.80003-01 9.1116-.1O4 1.000 2. 353".04 NI 1.6448 1.64 3Z 2.8384::02 2.43.1020
INFINITE Z.8769..42 ' 1.7542:-03 N1 0.0127 167944-03 2.T950.02 2.8304 .02

80030315 0.8431 1.3000 2.0125-04 N, 1.0411 1.5315 5.6430-.04 5.6430-043.0N00-01 4.0231*,0
4  

1.3200 2.21I0 .0. NM 1.6903 1.6866 2.8414s-02 Z.517TI22
INFINITE 2.8791-.52 NA 1.O013-03 NI 0.0056 1.8226--03 2.6350-.02 2.8.1S-.02

80030014 0.0138 1.0320 1.942.04 NI 1.7844 1.468Z 5.7420-04 0.T420-03.2008-01 N*9102.54 1.0000 2.12N4'54 NI 1.7290 1.7268 284N0.:02 215394"*02
INFoNITO 2.07ET 02z N .6607-03 AM 0.0034 1.7423-03 2.6'30:*02 2.a.0" 02

00030317 0.008 1.0000 1N410"*04 9 1 1444S .0050".0o 5.005:0..0
3.4005-01 N.89830 1.000 2,00 97*04 NI 0.7550 1.3525 2.0413".02 2,5434.02
NPINITE 2.8803..02 NM 1.60,7'_03 NM 0.0094 1.68051-03 2.5790-02 2.8459-*02



1 2C-6 8003-C-1

80030301 COPY, RESL PR3F ILE TABULATION IT POINTS, DELTA AT POINT 11

I y PTZP P/PD T0/T3D M/0O U4UO T/TO R/RO*U/UO

1 0.0000*00 1.0000"*00 1.03000 0.96966 0.00000 0.00000 1.36900 0.00000
2 6.0000*-04 2.0819.+O0 1.00000 0.99640 O.75Z61 0.80381 1.14067 0.70468
3 8.0000-04 2.2011**00 1.02000 0.99676 0.78467 0.83138 1.11261 0.74058
4 1.0000-03 2.4133"*00 1.00000 0.99805 0.83763 0.87579 1.09320 0.80113
5 1.2000-03 2.6240".00 1.00000 0.99752 0.S8641 0.91435 1.06403 0.85933
6 1.4000-03 2.7849.*00 1.00000 0.998-0 0.92125 0.94143 1.04419 0.90151
7 1.60001-03 2.9115-*00 1.00000 0.99807 0.947T4 0.96120 1.02862 0.93446
a 1.8000"-03 2.9971-*00 1.00000 0.99?34 0.96516 0.97389 1.01818 0.95650
9 2.00001-03 3.05270400 1.00000 0.99826 0.97631 0.98Z19 1.01208 0.97046
10 2.5000*-03 3.1198"eD0 1.00000 0.99827 0.99955 0.99170 1.00436 0.96740
11 3.0000"-03 3.1448**00 1.00000 0.99664 0.99443 0.99536 1.00189 0.99349
12 3.5000"-03 3.1591".00 1.00000 0.99858 0.99721 0.99732 1.00021 0.99711
13 4.0000*-03 3.1627-+00 1.00000 0.99906 0.99791 0.9980S 1.00028 0.99TT?
14 5.0000-03 3.1807-00 1.03000 0.99910 1.00139 1.00049 0.99819 1.00230
15 6.0000-03 3.1843-*00 1.00000 0.99851 1.00109 1.000T3 0.99729 1.00345
16 7.00008-03 3.20234.00 1.00000 0.9944 I.OOS57 1.00366 0.99620 1.00749

0 17 8.0000*-03 3.1735-+00 1.03000 1.00000 1.00010 1.00000 1.00000 1.00000

80030301 CopylReiaz Turbulence Data

I - 1.60003-01 DELTA - 8.0000--03 03r -1 2.57903+02

I Y U V N U. V. -u'v '
UIIf VITI Uxur UINY UIMF2

1 6.00001-4 1.2773+0 -1.25861-1 1.08001+0 1.08961-1 5.98291-2 2.46871-3
2 8.00001-4 1.32111+0 -1.23461-1 1.12601+0 1.08453-1 5.11831-2 3.07611-3
3 1.00001-3 1.39161+0 -1.22641-1 1.20201+0 9.06551-2 4.71111-2 2.25971-3
4 1.20001-3 1.45291+0 -1.30091-1 1.27203+O 7.64641-2 4.26131-2 1.68541-3
5 1.40001-3 1.49598+0 -1.2935-1 1.32201+0 6.61501-2 4.01711-2 1.41481-3
6 1.60001-3 1.52731+0 -1.31721-1 1.36001+0 5.28891-2 3.3928E-2 7.92331-4
7 1.80001-3 1.54751+0 -1.36061-1 1.385010 4,33501-2 2.90931-2 5.23961-4
8 2.00001-3 1.56071+0 -1.38271-1 1.40101+0 3.68401-2 2.74721-2 2.13041-4
9 2.50001-3 1.57S83+0 -1.36251-1 1.42001+0 3,16941-2 2.81931-2 3.77971-4

10 3.00001-3 1.58163+0 -1.35941-1 1.42701+0 3,04851-2 2.84881-2 3.12729-4
1t 3.5000-3 1.58471+0 -1.35281-1 1.43101+0 2.8211-2 2.66421-2 4.13461-4
12 4.00001-3 1.58591+0 -1.30441-1 1.43201+0 3.27451-2 3.34701-2 7.38661-4
13 5.00001-3 1.58981+0 -1.32611-1 1.43701+0 2.94651-2 3.12911-2 3.21441-4
14 6.00003-3 1.59021+0 -1.32653-1 1.43801O+0 3.11831-2 3.19581-2 3.77821-4
15 7.00001-3 1.59481+0 -1.29081-1 1.44301+0 2.73901-2 2.89961-2 3.24153-4

D 16 8.00001-3 1.58901+0 -1.23381-1 1.43501+0 3.53551-2 3.55181-2 7.27831-4

80030306 Copy/1;isz Turbulence Data

X - 2.05001-01 DELTA - 1.20001-02 UIF - 2.57903+02

1 Y U V N U. V. -U'V.
UINF UINF UINF UINF UINr2

1 4.00003-4 -1.41571-1 S.59529-3 1.07503-1 1.73011-1 7.17331-2 1.99811-3
2 5.00001-4 -1.54321-1 2.78171-3 1.17101-1 1.78871-1 7.37113-2 3.27611-3
3 6.00003-4 -1.47651-1 1.62311-3 1.12101-1 1.95501-1 7.65031-2 3.24003-3
4 8.00001-4 -1.08101-1 8.79023-4 8.19801-2 2.25441-1 9.10043-2 6.58371-3

.00003-3 -9.43391-2 2.39161-3 1.15701-2 2.43353-1 9.00743-2 4.84871-3
6 1.20001-3 -4.26133-2 3.24201-3 3.23903-2 2.6867t-1 9.83711-2 6.57623-3
7 1.40003-3 8.37921-3 6.09541-3 7.85301-3 2.85541-1 1.09621-1 8.09623-3
8 1.60001-3 7.53399-2 7.56113-3 5.74201-2 3.04461-1 1.14661-1 9.23741-3
9 1.80001-3 1.52271-1 3.38001-3 1.15601-1 3.12021-1 1.15593-1 9.03591-3
10 2.00003-3 1.89221-1 1.00973-2 1.43901-1 3.2094p-1 1.1931Z-1 1.10631-2
11 2.50001-3 3.59951-1 2.72353-2 2.75701-1 3.40671-1 1.21291-1 1.08663-2
12 3.00001-3 5.47503-1 4.4126E-2 4.23701-1 3.48121-1 1.24891-1 1.09801-2
13 3.50001-3 7.46801-1 7.42541-2 5.88001-1 3.58241-1 1.17221-1 9.32611-3
14 4.00001-3 9.27883-1 1.03141-1 7.45801-1 3.59831-1 1.07441-1 5.8831;-3
15 4.50003-3 1.08693+0 1.32031-1 8.93501-1 2.98991-1 9.02291-2 2.75591-3
16 5.00003-3 1.20781+0 1.57851-1 1.01301+0 1.95503-1 7.2703E-2 1.42833-3
17 5.S0001-3 1.27413+0 1.72001-1 1.08301+0 1.10391-1 6.06051-2 1.58771-3
18 6.00003-3 1.29593+0 1.85273-1 1.1070+0 7.61741-2 5.64171-2 1.05623-3
19 7.00003-3 1.30831+0 1.90351-1 1.12101+0 4.66461-2 4.70341-2 1.22501-4
20 8.00003-3 1.31721+0 1.88173-1 1.13001+0 4.96701-2 4.43209-2 -5.57499-4
21 9.00001-3 1.31371+0 1.87321-1 1.12603+0 5.44013-2 4.49791-2 -6.52511-4
22 1.00003-2 1.3090+0 1.85813-1 1.12103+0 6.64601-2 4.66073-2 -1.20171-3

D 23 1.20001-2 1.28628+0 1.70881-1 1.09501+0 8.94533-2 4.69563-2 -1.52451-3



8003-C-2 12('-7

80030311 COPY, REISZ PROFILE TABULATION 29 POINTS, DELTA AT POINT 29

1 Y PT2/P P/PD TO/TOO "/NO U/UD T/TD R/ROUU/UD

1 O.0000-+00 1.0000.+O0 1.00000 0.98381 0.00000 0.00000 1.16534 0.00000
2 6.0000-04 1.0216* 00 1.00000 0.99732 0.18199 0.19720 1.17417 0.16795
3 T.0000-04 1.02Z5"*00 1.00000 0.99660 0.19605 0.20150 1.17299 0.17178
4 8.0000'-04 1.0220"+00 1.00000 0.99859 0.18376 0.19923 1.17552 0.16949
5 1.0000-03 1.0253"+00 1.0000 0.99965 0.19708 0.21370 1.17567 0.18177
6 1.2000-03 1.0290'+00 1.00000 0.99789 0.21093 0.22839 1.17239 0.19481
7 1.4000'-03 1.0299+,00 1.00000 0.99541 0.21406 0.23146 1.16919 0.19796
8 1.5000-03 1.0323"+00 1.00000 0.9951.5 0.22238 0.24039 1.16846 0.20573
9 1.8000-03 1.0390* 00 1.00000 0.99540 0.24404 0.26355 1.16625 0.22598

10 2.0000-03 1.0431-+00 1.00000 0.99544 0.25643 0.27677 1.16498 0.23758
11 2.5000--03 1.0595-+00 1.00000 0.99042 0.30036 0.32266 1.15396 0.27961
12 3.0000"-03 1.0866a+0O 1.00000 0.98563 0.36075 0.38520 1.14018 0.33785
13 3.5000'-03 1.100T8"4.0 1.00000 0.99734 0.40115 0.42752 1.13584 0.37639
14 4.0000-03 1.1446-4400 1.00000 0.9982 0.46174 0.49017 1.12694 0.43496
15 4.5000C-03 1.1025- O 1.00000 0.9861) 0.51567 0.54415 1.11352 0.48868
16 5.0000--03 1.250"-.0O 1.00000 0.987C7 0.59750 0.62579 1.09694 0.57r49
17 5.5000'-03 1.,153..00 1.00000 0.98976 0.64508 0.67311 1.08879 0.61822
18 6.0000"-03 1.36,V-.,O 1.00000 0.99009 0.70796 0.73342 1.07353 0.68319
19 6.50001-03 1.43401.,0 1.00000 0.99257 0.76679 0.78974 1.060T5 0.74451
20 7.0000-03 1.4986+0O 1.00000 0.99332 0.80770 0.82772 1.05019 0.78817
21 7.S000--03 1.8361-+00 1.00000 0.99443 0.84092 0.85838 1.04197 0.82381
22 0.0000--03 1.5992-+00 1.00010 0.99555 0.89204 0.89570 1.03122 0.86859
23 9.0000"-03 1. 6873"-b30 1.0000 0.99781 0.93472 0.94302 1.01783 0.92650
24 1.0000-OZ 1.7404"00 1.00090 0.99828 0.96419 0.96868 1.00934 0.95971
25 1.1000--02 1.7794--00 1.00000 0.99891 0.9q490 0.98667 1.00359 0.98314
26 1.2000--02 1.7955400 1.00000 0.99945 0.98323 0.99400 1.00155 0.99246
27 1.3000"-02 1.8108.00 1.00000 0.99958 1.00104 1.00067 0.99925 1.00142
28 l.4000-Oz 1.8049.*00 1.00000 1.00091 0.99902 0.99833 1.00063 0.99771

0 29 1.6000-02 1.8080*.O0 1.00000 1.000)0 1.00000 1.00000 1.00000 1.00000

80030311 Copy/Reisz Turbulence Data

X - 2.50001-01 DILTA - 1.60001-02 UIN - 2.57901402

I Y U V m Q. V. -UIV.

U01 UI13 UIN7 UIl? UIN 2

1 6.00001-4 2.29473-1 -1.4765X-2 1.74801-1 2.0132Z-1 8.98801-2 5.50721-3
2 7.00001-4 2.3441;-1 -1.63591-2 1.78701-1 1.9213Z-1 9.83331-2 6.51611-3
3 8.00001-4 2.31831-1 -1.22451-2 1.76503-1 1.87241-1 9.99611-2 4.2263E-3
4 1.00001-3 2.48661-1 -1.20051-2 1.89301-1 1.89611-1 1.16211-I 5.2937E-3
5 1.20001-3 2.65761-1 -1.46611-2 2.02603-1 2.04151-1 1.24741-1 8.33831-3
6 1.40001-3 2.69331-1 -2.14151-2 2.05601-1 2.13383-1 1.36451-1 1.15501-2
7 1.50001-3 2.79721-1 -2.1369Z-2 2.13602-1 2.16601-1 1.44093-1 1.29421-2
0 1.80003-3 3.06671-1 -2.42771-2 2.34401-1 2.26061-1 1.50451-1 1.56061-2
9 2.00003-3 3.22063f-1 -2.5591Z-2 2.46301-1 2.39121-1 1.61422-1 1.81621-2

10 2.50001-3 3.75461-1 -3.99771-2 2.8501-1 2.58781-1 1.68941-1 2.28231-2
11 3.00003-3 4.48243-1 -5.76581-2 3.46508-1 2.75461-1 1.7433Z-1 2.76041-2
12 3.50001-3 4.9"483-1 -6.05271-2 3.85301-1 2.90031-1 1.83523-1 3.05361-2
13 4.00003-3 5.70383-1 -6.35131-2 4.43503-1 2.97051-1 1.78793-1 3.09721-2
14 4.50003-3 6.33193-1 -".96823-2 4.95301-1 3.20941-1 1.83911-1 3.57981-2
15 5.00001-3 7.28191-1 -8.66611-2 5.73901-1 3.1993 1-1 1.72081-1 3.0671-2
16 5.50003-3 7.83251-1 -8.69331-2 6.19601-1 3.14151-1 1.6359Z-1 2.80551-2
17 6.00003-3 8.53431-1 -9.23611-2 6.79901-1 2.93801-1 1.52111-1 2.25073-2
10 6.5000Z-3 9.18961-1 -8.79023-2 7.36501-1 2.78011-1 1.43780-1 1.82371-2
19 7.00001-3 9.63161-1 -8.59251-2 7.75801-1 2.8551-1 1.34083-1 1.50501-2
20 7.50003-3 9.98843-1 -8.63511-2 8.07701-1 2.35753-1 1.2S823-1 1.17841-2
11 8.00003-3 1.04231+0 -7.925G1-2 8.47201-1 2.01511-1 1.09503-1 6.75513-3
22 9.00003-3 1.09733+0 -6.62663-2 8.97803-1 1.47031-1 9.15083-2 3.67301-3
23 1.00003-2 1.12723+0 -6.14581-2 9.26101-1 1.15391-1 8.19701-2 2.51383-3
24 1.10001-2 1.14813+0 -5.85111-2 9.46003-1 7.83251-2 7.07251-2 1.33543-3
25 1.20003-2 1.15661+0 -5.11051-2 9.54001-1 5.69991-2 5.90151-2 2.50181-4
26 1.30003-2 1.16443+0 -4.98641-2 9.61501-1 4.71323-2 5.02911-2 -1.91991-1
27 1.40001-2 1.16171+0 -4,18771-2 9.58601-1 4.57151-2 4.83522-2 -2.77093-5

0 28 1.60003-2 1.16361+0 -4.09461-2 9.60501-1 3.83443-2 4.28851-2 -2.06581-4



12C-8 8003-C-3

80030317 COPY, REIS PROFILE TABULATION 26 POINTS, DELTA AT POINT Z6

I Y PTZ/P P/PO TOT0O N.INO UfUO TITO RIR*0U/UD

1 0.00001+00 1.9000-00 1.00000 0.98805 0.00000 0.00000 1.11630 0.00000
2 5.O00O0-04 1.1357-#00 1.00000 1.00024 0.53414 O.SSTS8 1.0971 0.31160
3 6.0000*-04 1.1423-#00 1.00000 1.00036 0.54630 0.56999 1.06860 0.52360
4 8.0000*-04 1.1515-#00 1.00000 0.99932 0.562)3 0.56627 1.08464 0.54052
5 1.00001-03 1.164Zm00 1.00000 1.0000q 0.58491 0.60838 1.08186 0.56234
6 1.S000u-03 1.1875.O00 1.00000 1.00067 0.6Z264 0.64599 1.07639 0.60014
7 2.00000-03 1.2070,O00 1.00000 0.99916 0.65231 0.67468 1.06977 0.63068
9 2.5000"-03 l.ZZZI-00 1.00000 0.99942 0.67403 0.69601 1.06627 0.65275
9 3.0000"-03 1.2383-+00 1.00000 0.99905 0.69650 0.71772 1.06186 0.67591

10 3.5000u-03 1.2528-+OO 1.00000 0.99874 0.71586 0.73633 1.05800 0.69596
11 4.0000-03 1.Z69"O00 1.00000 0.99958 0.73771 0.75766 1.05481 0.71829
12 4.5000"-03 1.2857"4.00 1.00000 0.99918 0.75732 0.77627 1.05066 0.73084
13 5:000-03 1.298Z".00 1.00000 0:99832 0.77234 0.79023 1.04685 075486
14 5,5000-03 ,13169" 00 1,00000 0.99857 0.79394 0.81078 1.04286 0 .77746
15 6.0000--03 1.3292 00 1.00000 0.99878 0.80785 0.82396 1.04030 0.79204
16 7.0000-03 1.3594"#00 1.00000 0.99807 O.84049 0.85421 1.03290 O.8ZTO0
17 8.0000"-03 1.3958uO00 1.00000 0.99840 0.877s1 0.88872 1.02548 0.86664
18 9.0000"-03 1.4195"+00 1.00000 0.99812 0.90057 0.90965 1.02028 0.89158
19 1.00004-02 1.4523-OO 1.00000 0.

9 9
8 . 0.93099 0.93757 1.01421 0.92444

20 1.10001-OZ 1.4710-+00 1.00000 0.99867 0.94774 0.95269 1.01048 0.94281
21 1.2000"-02 1.4881--00 1.00000 0.999021 0.96264 0.96627 1.00755 0.95902
22 1.3000"-02 1.5094-+00 1.00000 0.999411 0.95064 0.98255 1.00391 0.97872
23 1.4000-02 1.5Z13- 00 1.00000 0.99966 0.97057 0.99147 1.00183 0.98966
24 1.6000-02 1.5416--00 1.00000 0.99930 1.00708 1.00620 0.99827 1.00795
25 1.8000"-02 1.5464-+00 I.O000 0.99932 1.01092 1.00931 0.99680 1.01254

0 Z6 2.0004--02 1.5329+00 1.000 00 1.00000 1.00000 1.00000 1.00000 1.00000

80030317 Copy/Risz Turbulence Data

I - 3.40001-01 DILTA - 2.00001-02 I3' - 2.57909+02

I Y U V K U, V. -U'V'

U0NF UINT8 UZnK UN UIXF2

1 5.00001-4 5.57581-1 -9.01901-3 4.30309-1 1.467S-1 7.13841-2 1.6749 -3
2 6.00003-4 5.69991-1 -2.92011-3 4.40101-1 1.41023-1 5.85891-2 3.1137E-3
3 8.00009-4 5.8627S-1 1.09931-3 4.53501-1 1.5165A 1 6.15351-2 3.3092-3
4 1.00001-3 6.08381-1 -1.79721-3 4.71201-1 1.57461-1 6.8941Z-2 4.215S-3
5 1.50003-3 6.45991-1 -6.6848Z-3 5.01601-1 1.62271-1 8.60801-2 5.58691-3
6 2.00001-3 6.74681-1 -1.48311-2 5.25503-1 1.71151-1 9.20511-2 6.81981-3
7 2.50001-3 6.96019-1 -1.52001-2 5.43001-1 1.72511-1 1.00581-1 1.60911-3
8 3.00001-3 7.17721-1 -1.09031-2 5.61103-1 1.75803-1 1.02711-1 8.21501-3
9 3.50001-3 7.36333-1 -2.18341-2 5.76701-1 1.75071-1 1.06443-1 9.27951-3
10 4.00001-3 7.57661-1 -2.33001-2 5.94301-1 1.76931-1 1.09541-1 9.88091-3
11 4.50001-3 7.76271-1 -2.70261-2 6.10101-1 1.79061-1 1.12021-1 1.00281-2
12 5.00001-3 7.90231-1 -3.48271-2 6.22203-1 1.75691-1 1.09813-1 9.30801-3
13 S.50001-0 8.10781-1 -3.01511-2 6.39601-1 1.7S731-1 1.09421-1 9.0481n-3
14 6.00001-3 8.23963-1 -3.39671-2 6.50801-1 1.72001-1 1.09501-1 8.95471-3
15 7.00001-3 8.54211-1 -3.64751-2 6.77101-1 1.66773-1 1.06711-1 8.84201-3
16 9.00001-3 8.687291-1 -3.59981-2 7.07001-1 1.55601-1 1.01981-1 7.50391-3
17 9.00001-3 9.09651-1 -3.82941-2 7.25501-1 1.51141-1 9.74021-2 6.46801-3
18 1.00001-2 9.37571-1 -3.69561-2 7.50003-1 1.34631-1 8.67391-2 4.90591-3
19 1.10001-2 9.52691-1 -3.25322-2 7.63501-1 1.26211-1 8.65841-2 4.64121-3
20 1.20001-2 9.6627n-1 -2.92901-2 7.75501-1 1.16093-1 7.99923-2 3.72711-3

21 1.30003-2 9.82551-1 -2.64443-2 7.90001-1 9.97671-2 7.47193-2 3.17231-3
22 1.40001-2 9.91471-1 -2.62971-2 7.98003-1 8.79803-2 7.20053-2 2.05831-3
23 1.60003-2 1.00621+0 -2.16873-2 8.11301-1 6.14581-2 5.52153-2 6.72661-4
24 1.80003-2 1.00933+0 -1.88721-2 8.14401-1 4.97481-2 4.70343-2 1.23623-4

D 25 2.00003-2 1.00001+0 -1.51731-2 8.05601-1 4.68401-2 4.31953-2 -1.28311-4
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M: Appr. 2.32 upstream 8301
R Theta 0 10-: 4

60 TW/TR: Appr. 1 CCF
Continuous tunnel with symmetric contoured nozzle. W = 170, H = 116 I

P0: 50.6 kN/U
2
. TO: 293 K. Air. Re/m x 10-0: 0.44.

DEBIEVE J.F., 1983. Etude d'une Interaction Turbulence-Onde Choc. Thase, Docteur

es-Sciences, Universit6 d'Aix Marseille II.

And: Debieve et al. (1981). Data tables, J.-P. Dussauge (PC)

1 The test boundary layer was formed on the floor of the wind tunnel, remaining under ZPG
4 conditions for approximately 240 m after leaving the nozzle, which is about 350 -

axially from throat to the exit plane. The tests were performed on a compression surface
spanning the tunnel and sharply inclined at 6* to the tunnel floor. The surface extended

3 for 240 m from the corner (X = 0). Transition was forced by a roughness strip upstream
-0 the throat, and in a series of tests over a range of tunnel stagnation pressure the

2 boundary layer was shown to be fully developed with a normal turbulent energy spectrum.
No significant free-stream disturbances could be detected in schlieren photographs. Pitot
profiles at X = 70 am on the centreline and at Z = +/- 35.5 a were within 1.5% except

5 near the shock front, here well outside the boundary layer, where the variation reached
4%. Surface flow visualisation "showed no sign of any anomaly in the two-dimensionality

2 of the flow". Free-stream turbulence at frequencies above 100 Hz was less than 0.1% for
velocity fluctuations.

6 Wall pressure was measured at 8 stations upstream of the corner and 13 downstream with
tappings 0.5 = in diameter. At three upstream and three dow.astream stations measurements
were made of the wall-pressure fluctuations using a piezo-electric transducer ("LE4 20H
48A") 0.8 m in diameter with a frequency response of the electronics up to 400 kz (see
ch. 8).

7 Pitot profiles were measured with a FPP (h, 
= 
0.28, h2 = 0.08, b, 

= 
2.12, h2 = 1.92,

length to holder 35 am). The static pressure probe used was "ONERA 20 K 10 biseaut~e",
with holes (d = 0.4 -m) on the vertical faces of a slender wedge of 6.3" included angle,
6 ms from the tip, length to holder 35 m. Mean total temperatures were found using a
FWP, the active element having d = 3.8 pm, 1 = 1 am. Fluctuation measurements were made
with a normal iWp (d = 2.5 pm, active length 0.7 m) operating in the constant-current
mode, with 12 overheat ratios. Data reduction was by modal analysis after Morkovin (1956)
as developed by Gaviglio (1978) and others. The estimated bandwidth is 200 kHz. All
traverses were made normal to the tunnel axis.

8 The entry has 5 profiles upstream, one at, and 14 downstream of the corner. They do not
match those presented in the thesis exactly, and do not correspond in general to wall

9 pressure tappings. The author has derived TAUW values from 8 profiles using the correlation
of Chew (1978). The editors have accepted the authors data reduction procedures. The well

12 pressure values are taken from the static pressure profiles. In most cases this is
straightforward, but at the foot of the shock (profiles 04-09) the values are not very
trustworthy as the extrapolation was not well conditioned, and in any case the readings
of a static probe near a shock are dubious. The values are consistent with the author's
graphical presentation of PW as measured at the well tappings. The TAUW values, profile

13 derived, were received privately from the author. The profiles form a single series
running from the undisturbed upstream flow through the compression corner interaction and
well downstream into the relaxing flow. We have presented all profiles available to us in
tabular form, with some supporting information scaled from figures. The turbulence data
is restricted in quantity, and we present only copies of two figures from the source
paper (figs. 1 & 2.).

I DATA: 83060101-0120. PT2, TO, P profiles, NX = 20. Some normal hot-wire data, and wall
pressure fluctuations.

15 Editors' comments:

This experiment is part of a programme of experimental and theoretical studies of rapidly
distorted flows undertaken at IMST - see CATB602T, chapter 2 above, and the associated
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bibliography. Unfortunately the available copies of the data tables are in very bad
condition so that we were unable to read profiles at stations 4, 5, 8 and 14, while, for
the same reason, some of the scatter in the data may not be of experimental origin. The
profiles are functionally complete, with reservations (expressed by the author also) as
to the validity of static pressure data near the shock. They do not reach in past the
momentum deficit peak, but the H12K value is appropriate to a fully developed boundary
layer at this relatively low Reynolds number. We have plotted out all the mean flow
profiles for which the author gave us a wall shear stress as figures (10.3.1-2).

The turbulence data are very fully analysed in the source paper - unfortunately the main
effort went into taking data along the "y/6 = 0.4" streamline, and this does not fit well
into our handling scheme. There is much other graphical information on correlations,
length scales, spectra etc. in the source paper.

Comparisons may be drawn with the investigation of Ardonceau, CAT8402T, using an LDV, and
the Princeton experiments reported in CAT7904T and CAT871T using hot wires. Both cover
a wider and more severe range of corner flows in closer detail.

- X =+ 
2

0- downslr.eQm

o X=- 15 1

o x=-20.. upieroom

Calculation

.10"

0 
0

•N
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Fig. 1: Streaswise component of turbulent fluctuations (Normal HWP, CC mode).

SX =+20.m downstrea.
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Fig. 2: Turbulent temperature fluctuations.
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C4T 4301 20b05VE IOUN3AY CJNDIT!3N$ 665 EVYLUAT!O ATA, 5I UNITS

RUN *0 * TW/TRI RE02W C. 412 HI2K P. PD.

1 0 "00 PW/PD 0t32) C, *32 ;37X 7w TO-

8 T 06TA3W * 2 432 PZ62 2K UD. TR

83010101 2.3463 1.0000 Z.3054-"03 N- 3.9086 1.45%1 3.9466.-03 3.9*20.-30
-4.o0010-0Z 5.041S-04 U.9006 4.9602:"03 64 1.7998 1.1661 2,7793" 02 1.4Z3l:.0Z

0*F261T5 Z.9368-102 N" T.'60"-06 6* 0.0626 1.0073"-03 5.516**02 2.7794 *02

80010100 2.3063 1.0000 .3649":3:3 2.19643 3.?4Q" 1.6509 3.946:0"3 3.9323"*03
-2.0000-0Z 5.04136 1.3836 .1651 03 NN 1.79!5 1.708S 2.T?90..0z 2.4334C3

I*F40T4 2.9368-.02 3.2550-)1 7.6576"_-0 4 * m.360 1.0$??-0 3 5.5160",02 2.779..0Z

83010103 2.3216 1.u0O Z .S360*3:03 1.8983"-03 3.166 1.509' 4.3516'.03 3.*9123:S3
-2.0000-03 5.1637"+06 1.0*uO 6.0611*03 6. 1.760? 1.7540 2.7791.*O 1.41O .
INFINE Z.*362s02 2.8600 t31 .21 44 N4 0.0343 1.183 _0 55350"0 2 2.77 9 T".

83010104 2.3294 1.3000 3. 66713 6* 2. 36 2 1.6'S? 4-:070".03 3.923":03
0.0000l0 $.2270".06 1.204 .46S7 03 6 1.S8*3 1.6'S' 1.752.00 1.6070.0Z
0*4161T4 2.%33* +2 $ 8 1.15'0.-3 6* 02*963 1.221?-03 5.5400" 0 2.7701*02

8301010? 2.s175 1.0000 1.1557::03 * Z.6450 1.1700 5:2320::03 3.923".03
2.0000-03 5.1306" .Q 1.3105 0.5804 '03 '1 1.7317 1.7233 2.74T602 1.6130.02
6416171 Z.9432--02 NN 1.01 ?0-03 6* 0.3455 1.14 39-03 0. 5210502 2. 7347o*02

8301010* 2.3166 L.0000 3.35532"*03 N* 2.174 1.60*0 5.091:*03 3.0423.,03
0.0000-03 5,1234.06 1.3149 6.2918*03 6* 1.7175 1.7063 2.77702 1.

6
16uV.0Z

0F41N1TE 2.*9358-02 48 1 .1437.-03 H 0.0167 1.2?73-03 5.S 270*02 2.?T7*.02

83010110 2.3336 1.0000 3.6?6".03 N* 1.3901 1.5635 0.449*.03 3.9923-.03
6.0001-03 5.369:04 1.3650 6,5252 .03 61 1.7346 1.7233 2. 7::02 1.400002
141pNITE 2.9209"+*2 M 1.1612--03 N4 -0.3Z54 1.27*86-03 5.59052*02 2.7527" 02

830301 2:118 1.0000 4.0130"-03 N4 1.01*5 1.5429 5.6?6104l3 3o9923"23
8.0!00"-03 5.131.06 1.3714 ?.1016%03 6* 1.7430 1.7304 3.7713".02 1.412)".02
INFINT7 IT 9r02 .n 1.0050-03 N 0.0178 1.3084-03 .220" 02 2.7713" 02

83010112 2.2*55 1.0000 4.10Z7".03 NA 1.4269 1.5266 5.5000".03 5.0604.00
1.0000"-02 6.0262"06 1.3597 T.1976W03 N4 1.7022 1.7366 2.76",02 1°6!70".00

06416110 2.*309*.D2 NM 1.3164"-03 6q -0.000 1.3102"-03 5.4,400.02 2.7745-.02

83010113 2.1030 L.0030 3. 3539"03 1.8796"-03 3.2719 1.5103 5.5660"*03 0.3780' 03
2S0700:-02 N.M18 06 1.36 5.6709"*23 6* 1.7629 1.76*0 -.7641"t02 1.54J..12

1760.-T 2*90802 3.1330".31 3. 1?*05-l N4 0.05 1 1.13*1-03 5.2360"02 2.7641".02

83010115 2.3875 1.0000 3.3195.:13 1.306"-0S 3.55* 1.4*41 5.5663"*0 5.6571::C3
5.00000Z 0.0732.14 0. 339 5. 319"03 N 1.717 1.7605 2.7071"0 15S51 D 42

16416178 3.0200 02 3.2300 31 i. 0'-0 64 0.3163 1.1734-03 5.2360 02 2.T70 *V2

83010136 2.074' 1.0000 9. 390#03 1.3142--03 3.6151 1.670 5.5663".03 5.6.76:.63
0;'000,-02 5001".4 2.9743 5.248* 3 N 1.7769 1.7460 2.710*22 1.5T50".02
16416070 2.9301.*02 0.2500 1 0.47M"-0 4 6* 0.0005 1.157 5-03 *.2130..02 2.700202

0301*117 2.0994 1.0000 M..'"*)3 4 .0323 1.454 5.5560.:01 5.7"20:002

T..000 oZ .203 .04 0.3700 5.53s9*%3 64 1T84 1.7741 2.740*02 1.53?0"0
1*F1617E 2.820'02 ;I 3.63')5--04 NM -o.t63s 1.1325'-03 S.2100-.02 2.742

0
.0

Z

83030338 2.u673 1:0000 3.6403::03 6* 3.32*6 1.3941 5 :60:03 5.83462.03
1;3000"-01 .0712.m04 0.340 53512-"03 6 1.3110 1.0031 2.l026";02 1.587s.0 0
0641617 2.*4370 *0 564"-04 N4 0.04S2 1.2403-03 3.222002 2.8026.-02

83010119 2.041 1.000 3.7060".03 N 3.543 1.3998 5663"03 5843*03
1.5000-01 4.33631 06 0.3524 5.0306"'03 N, .006* 1.7*83 2.7334 02 1.5Z:0*02
*1I6TE 2.9326.02 *4 9.8058.-04 69 0.1142 1.23S2.-03 5.187SO 02 2.?33.-.07

83000120 2.0440 0.0000 3.7354::03 M 3.5315 13952 35660:03 5:95*03
1.600-01 4.*160 .66 0.0449 5. 95i7l03 N 1.096 1.006 2.7Y35"02 Z.)T0e*22
INFINITE 2.9325,02 4M 9 .03-0 6 * 0.6142 1.2417?-03 5.1310..02 2.793402

83010103 OEBIEVE PROFILE TABULATION 21 POINTS, DELTA AT POINT 14

S 0 PT2/P P/Po T0/T7 N/mO U/Uo T/T0 R/8O*U/UD

1 00000*0 1.0000-00 1.0809 0.94604 0.0000 00000 1.96584 0.00000
2 .0-000"-04 1.10 0 1.12676 0.963*1 0.43517 0,55537 1.62872 0.30421

3 1.0000-03 2.2063..00 1.16094 0.973*1 0.49851 1.59617 0.45809
4 1.5000-03 2.6156"+00 1.17364 0.95976 0.54662 0.67136 1.50848 0.52234

8 2.0000-03 2.8201.00 1.17364 0.98011 0.5?03 0.70370 1.50282 0.54956
6 3.0000-03 3.4269.00 1.15463 0.99737 0.6478 0.77398 1.42716 0.62618
7 4.0000-03 3.9527*00 1.10773 0.99176 0.70469 0.81644 1.34230 0.67377

8 5.0000-03 4.6273. 00 1.060*4 0.990*3 0.77135 0.86739 1.26451 0.72768
9 6.0000.-o3 5.3562 .00 1.02155 1.00019 0.837Z1 0.91093 1.18388 0.78603
10 7.0000"-03 5.9836 00 1.00760 1.00307 0.64987 0.94363 1.12447 0.84556

11 B.0000-03 6531500 1.00000 1.00443 0.93339 0.96838 1.07639 0.89966

12 9.0000-03 6 98101#00 1.08000 1-00386 0.96760 0.96591 1.03819 0.94964

13 1.0000-02 7.2424:*00 1.00000 1.00260 0.98694 0.99494 1.01627 0.97901
0 14 1*1000'-02 7.4218400 1.00000 1.00000 1.00000 0.0000 1. 0000 1.0000

15 1.2000"-0Z 7,4460t+00 1.00000 0.94615 1.00175 0.99892 0.99434 1.00460
16 1.3000-02 74461.*00 1.00000 0.99617 1.00176 0.99920 0.99505 1.00424
1T 1.4000-oz T.Z2T800 1.00000 0.9969) 1.00050 0.99674 0.99647 1.00228

0 1.50003002 71460700 1.00000 0.99370 1.00281 0.99819 0.99081 1.00745

19 I.6000"-02 7 .015 00 1.000 0.99T08 0.99854 0.99703 0.99559 0.99924
20 1.7000'-02 7.399 0*00 1.00000 0.996*9 0.935 0.:99760 0.9989 0.9906

21 2.0000--02 7.3990.00 .100030 0.99603 0.93035 0.99765 0.99059 0.99906
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83010112 DOEIEVE PROFILE TAdULATiON 22 POINTS. DELTA AT POINT 20

I Y PTZ/P P/P T T /ToO N/mO U/U D T/TO 8/ ,0*U/U0
1 0.000 O 1o0000*00 1.35875 0P94655 0.0000 0.00000 1.94429 0.00000

1.0000-04 1.T14 36125 0.97673 0.39751 0.52128 1.71969 0.41263
3 1.0000-03 1.9413--00 1.36500 0.97936 0.64500 0.51421 1.66502 0.4707
4 1.5000-3 Z.1770-+00 1.36500 0.9826) 0.86'8 0.61041 1.61528 05259
1 20.0000-03 2.4269m00 1.36835 0.98905 0.52566 0.65103 1.5T324 0.97363

3.0000-03 Z.9502400 1.36875 0.90111 0.59742 0.72663 1.47932 0.67232
7 4.0000-03 3.4Z63.00 1.37125 1.00673 0.65496 0.7816 1.42396 0.75263

8 5.0000--03 4.0224--00 1.36875 1.0004 0.71998 0.83012 1.32936 0.0471
6.0000--03 4.5869*00 1.36125 1.00523 0.77627 0.87Z32 1.26278 0.0034

10 7.0000--03 S.18074*00 1.34875 1.00883 0.83110 0.91015 1.19902 1.02381
11 7.5000-03 5.6467u*00 1.33500 1.00831 0.85809 0.92688 1.16678 1.06052
1z 8.0000-03 5.7794.00 1.31250 1.00871 0.85293 0.94162 1.13735 1.00662
13 8.5000-03 6.0560 *00 1.2765 1.00727 0.90593 0.95417 1.1093Z 1-09775
14 9.0000-03 6.2050.00 1.22750 1.00566 0.91803 0.96017 1.09390 1.07743
15 9.5000-03 6.2978"+00 1.16125 1.00429 0.92549 0.96362 1.08409 1.04998
16 1.000--OZ 6.4446'00 1.13875 1.00324 0.93716 0.96944 1.07008 1.03165
17 1.0500-02 6.6515--00 1.09500 1.00202 0.95337 0.97745 1.05115 1.01022
t18 1000-02 6.9374- 00 1.04875 1.00141 0.97530 0.0854 1.02733 1.00915
19 1.1500-OZ T.1245+.00 1.02000 1.00036 0.9890 0.99527 1.01191 1.00323

0 20 1.2000-02 7.2671--00 1.00000 1.000 o 1.00000 1.00000 1.00000 1.00000
21 1.3000-02 7.3374'-00 0.99000 0.99970 1.00518 1.00236 0.99440 0.99793
22 1.4000-02 7.3618--00 0.68625 0.99943 1.00698 1.00309 0.99230 0.99698

83010115 DEBIEVE ROFILE TASULATIUN 29 POINTS DELTA AT POINT 17

I v PTZ/P P/P3  TO/T3O M/MO U/UD T/TI R/ROU/UO

1 0.0000".00 1.0000JO 0.9890 0.95157 0.00000 0.00000 1.78089 0.00000
2 5.0000--04 1.9373-.00 0.98390 0.97239 0.48851 0.59950 1.50607 0.39165
3 1.0000*-03 2.1736-.00 0.98390 0.97477 0.53443 0.64591 1-46071 0.43507
4 1.5000--03 2.3597-+00 0.98658 0.97723 0.56690 0.67762 1.42875 0.46791
5 2.00001-03 2.5405--00 0.98650 0.97934 0.59625 0.70350 1.40001 0.49716
6 3.0000-03 2.9563-00 0.99837 0.98501 0.65780 0.76108 1.33865 0.56193
7 4.0000-03 3.39524*00 0.99106 0.99112 0.71626 0.81092 1.29179 0.62699
a 5.0000-03 3.884'.00 0.99374 0.99573 0.775T9 0.85770 1.22237 0.697Z9
9 6.0000-03 4.4010-+00 0.99374 1.00003 0.83376 0.90011 1.16550 0.76746
10 7.0000-03 4.9036--00 0.99553 1.00428 0.89636 0.93621 1.11565 0.83541
11 8.0000-03 5.3944--00 0.99821 1.00678 0.93477 0.9667? 1.06965 0.9022012 9.0000-03 5.76989-00 0.99821 1.00676 0.97011 0.98701 1.03514 0.95180
13 1.0000-02 5.97003 00 1.00000 1-00516 0.98951 0.99637 1.01597 0.99071
14 1.1000-02 6.0671+.00 1.00000 1.0037T 0.99T20 1.00038 1.00639 0.99403
15 1.2000-02 6.0805..00 1.00000 1.00171 0.99840 1.00000 1.00320 0.99681
16 1.3000-02 6.0891,+00 1.00030 1.00050 0.99917 0.99981 1.00128 0.99853

O 17 1.4000-02 6.0963--30 1.000,0 1.00000 1.00000 1.00000 1.00000 1.00000
18 1.5000-02 6.1019.*00 1.00010 0.99966 1.00032 1.00000 0.99936 1.00064
19 1.6000-02 6.1240-00 0.99821 1.00022 1.00230 1.00136 0.99808 1.00147
20 1.7000-02 6.1Z98*.00 0.99821 1.00006 1.00291 1.00153 0.99744 1.00230
21 2.2500'-02 6.4001--00 0.95528 1.00025 1.02667 1.01413 0.97572 0.99288
22 2.3000"-02 6.4395-+00 0.93649 1.00020 1.03010 1.01S85 0.97252 0.97822
23 Z.3500m-0Z 6.38746*00 0.89445 0.99990 1.02557 1.01337 0.97636 0.92836
Z4 2.4000-0Z 6.4730-+00 0.83810 1.00028 1.03301 1.01738 0.96997 0.8790T
25 2.4500"-02 6.8302--00 0.70175 1.00000 1.06350 1.03247 0.9429 0.05638
26 2.5000--02 7.0736.+00 0.73882 0.99079 1.08378 1.03743 0.91630 0.83649
Z2 Z.6000--0Z 7.4630--00 0.71288 0.99846 1.11546 1.05615 0.89649 0.83984
28 2.7000"-02 7.4732--00 0.70841 0.99992 1.11627 1.05730 0.89713 0.83488
29 3.0000*-02 7.4958-+00 0.70572 1.00018 1.11808 1.05825 0.89585 0.83366

83010116 DESIEVE PROFILE TABULATION 24 POINTS, OELTA AT POINT 14

1 f P7z/P P/PD T0/T0 M/mO U/UD T/TO R/RDU/UD

1 0.0000.00 1.0000"00 0.97691 0.95171 0.00000 0.00000 1.77092 0.00000
2 .0900n-04 1.9391100 0.97691 0.9760? 0.49203 0.60318 1.50286 0.39209
3 1.0000-03 2.2018.-00 0.97957 0.97854 0.54301 0.65434 1.45208 0.46142
4 1.5000-03 2.4144--00 0.97957 0.99111 0.59TO0 0.689T9 1.41567 0.4723
5 2.0000-03 2.5945.00 0.98135 0.98334 0.60858 0.71680 1.38731 0.50705
6 3.0000-03 2.9600-+00 0.91957 0.98702 0.66537 0.76758 1.33081 0.56500
7 4.000-03 3.4110"+00 0.98668 0.99215 0*7TZ91 0.81606 1.27430 0.63187
8 6.0000-03 '.3494--00 0.99112 1.00169 0.83351 0.90017 1.16635 0.76493
9 8.0000'-03 5.2701-400 0.99290 1.00670 0.92949 0.96340 1.07429 0.89041
10 9.00000-03 5.6949--00 0.99556 1.00731 0.96939 0.98678 1.03620 0.96808
Al 1.0000-"02 5.9180-400 0.99556 1.00659 0.99006 0.99799 1.01598 0.97793
12 1.10000-02 5.9936*00 0.99822 1.00461 0.99697 1.00077 1.00763 0.99143
13 1.2000-02 6.0354--00 0.99822 1.0026Z 1.0007 1.00172 1.00191 0.99804

O 16 1.4000--02 6.0269-+00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
15 1.60000-02 6.0268u*00 1.00000 0.99992 0.99981 . 0.99901 1.00000 0.99901
16 1.8000-02 6.0304--00 1.00000 0.99966 1.00031 1.00000 0.99937 1.00063
17 2.0000-02 6.0614"'00 0.99822 0.99971 1.00312 1.001:3 0.99683 1.00293
18 2.7500-02 6.3446 00 0.95392 0.9934 1.0242 1.01495 5.97397 0.g9394
19 Z.8000--02 6.3320-.00 0.93961 0.99956 1.02731 1.01408 0.97460 0.97776
20 2.8500-02 6.1213-*00 0.91395 0.99965 1.00858 1.00461 0.9917S 0.9255Z
21 2.9000-02 6.19895*00 0.55968 0.99963 1.01549 1.00805 0.98540 0.87944
02 2.9500-02 6.51290-00 0.40639 0.99941 1.04316 1.02242 0.96066 0.85826
23 3.0000--62 6.9522-.00 0.75222 0.99961 1.08066 1.04081 0.92762 0.86401
24 4.0000--02 7.4657.00 0.?0071 0.99968 1.12288 1.06055 0.920? 0.83305
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,(inf) .89 uptream 8401
R Theta x 10-3: 85

Blnwdown tunnel wi.th symmetrical contoured nozzle. Mtax. running time "several

minutes", normally 60 second*. W = H = 203 sm. L up to 2.7 a.

PO: 0.69 MN/s2. TO: 240 - 280 K. Air. Re/& x 10-5: 63.

TAYLOR MN.W., 1984. A supersonic turbulent boundary layer on concavely curved

surfaces. Princeton , Gas Dyn. Lab. Rep. M4AE-1684

And: Jayarsa et al, (1987), Donovan & Suits (1987), A.J.Smits. data tapes and private

comunications.

1 The general arrangements for the experiment were as for Settles, CAT7904T, q.v.. The
abrupt compression corner of that experiment was replaced by one of four curved ramps,
again narrower than the tunnel and with side fences. The ramp curvature started (X = 0)
1.16 a from the nozzle exit plane. The four ramps had an initial circular arc section
followed by a flat recovery section. Model I turned the flow through 8* with a radius of
curvature of 264 mm (0 < x < 35.5 m) followed by a flat section 146 m long. Model 2 also
turned the flow 8" but with radius 1270 mm (0 < x < 177.3 am), again followed by a 152 am
recovery section, Model 3 turned the flow 16" with radius 1270 = (0 < x < 354.7 am),
followed by a flat plate 77 m long and model 4 (Donovan & Smits) turned the flow 16.

with radius 350 am (0 < x < 97.7 ma) followed by a flat section (E) > 156 am long.

6 Wall pressure was measured at tappings 0.8 am in diameter. The nmber of X-stations and
the number of tappings were, for model 1,17 along the centreline an.I 20 in four spamise
rows. The corresponding figures for models 2-4 are 27, 30 in 6 rows, 38, 40 in 8 rows and
not known. Wall shear stress was measured for all profiles and at some additional stations
using a Preston tube (d, = 1.6, d2 = 0.96 am) with the Hopkins & Keener (1966) calibration.
Measurements of wall pressure across the ramps showed variations of less than 7%, while
skin friction varied by about 10. Surface flow visualisation showed no sign of any steady
vortex structure on the models.

7 Pitot profiles were measured with a FPP (h, 
= 
0.18, h2 = 0.08 am) (model 4, h, 

= 
0.33 mm)

and static profiles with a CCP (d = 0.84 m) with static holes about 10 diameters downstream
of the tip. These were "very sensitive to incidence" and calibrated individually against
wall-pressure readings. Total temperature was measured with a thermo-couple FWP of the
type described by Vs (1972).

8 The main mean flow profile measurements were made on a line 12.7 m (model 4 - 0 m) from
the centreline. The X-values for these profiles, which start upstream of the ramps and
continue onto the flat recovery sections, are in the tables of Section B. In addition,
on models I & 2, profiles were measured for nine stations across the model at three
X-stations, upstream of, on, and downstream of the curved portion. All profiles were
measured normal to the local test surface

9 Owing to the difficulty of specifying a proper unambiguous boundary-layer state, the
author has used an "effective" edge state based on free stream (reservoir) total pressure
and the wall static pressure. Properties of this state are used for forming dimensionless
quantities and integral thicknesses and in the reduction of Preston-tube data, following
Settles, CAT79O4T. The tunnel total pressure and temperature states are average values
for a run, the total temperature falling by "several degrees" during a 30 second run as a
result of expansion in the reservoir.

The author found that the overall variation in the total temperature profiles was only 4%.
They were therefore not measured at every station. The measured profiles were replaced by
a linear approximation, introducing errors estimated to be less than 2% in TO. Static
pressure values were interpolated from the measured profiles for each Pitot-pressure
reading. For the profiles at 12.7, 25.4 and 50.8 m on model 2, the measured static
pressure profile was replaced by a linear variation through the compression wave, from

10 the wall pressure to the free-stream pressure. No corrections were applied to the profile
date.
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12 The editors have set the wall temperature at 1.04 TOD on the advice of A.J. Smits as

being typical of operating conditions. We have accepted the author's calibration and data

reduction procedures. The tabulation used is based on the original experimental record,
and contains more data points than the source paper, which gives interpolated values

(AJS). The D-state has been selected on the basis of the total pressure profiles (there

13 are no shock waves in the exterior flow near the boundary layer).

This entry contains the sean flow for the three models used by Taylor and reported in the
source paper. To these have been added the results of a similar recent investigation. In
each case there is a sequence of functionally complete profiles describing the development

of a shock free boundary layer on a concave compression surface.

S DATA: 84010101-0411. PT2, P, TO profiles, NX = 11, 17, 16 and 11. Wall shear stress from

Preston tubes.

16 Editors' comments:

These experiments constitute part of a long series of related tests performed in the same
tunnel and with predominantly the same instrumentation. Turbulence measurements on models

1,2 and 4 are discussed in CAT8702T (Jayram et al., 1987 and Donovan & Suits (1987).
Models 1 & 2 both deflect the flow by 8 and can be, and are, compared with the 8*
compression corner flow of Settles, CAT7904T, giving three different rates of turning.

Likewise models 3 & 4 can be compared to the 16' corner flow. Comparable simple wave APG
studies are those of Sturek & Danberg, CAT7101, and Laderman, CAT 7803S.

The profiles are given in close detail near the wall, extending within the momentum
deficit peak. The flow outside the boundary layer is shock-free, though model 4 was
designed with the expectation that the shock would coalesce only just outside the layer

(the data appear to show the shock in the outer part of the traverses at X = 127 and
152.4 mr). It is therefore possible to examine the total pressure profile as an aid to
choosing an appropiate D-point. For profiles 0105-7 there is a substantial pressure
difference across the boundary layer, and the flow in the outer region has yet to start
turning. There is therefore the possibility of significant probe misalignment. The outer
region static pressures which are reported are precisely constant, and not showing the

small variations found in the other profiles. It seems probable therefore that the free
stream static pressure was deduced from other measurements, with the measured value

discarded because of misalignment. The mean flow profiles (figs. 10.2.2-7) are discussed
at length in Ch. 10.2.

The pressure gradients are not very severe, the wall law pressure-gradient parameter
reaching a maximum of about 5 x 10

-
1 for profile 5 on model 1. As a curved wall case

however, there are normal pressure gradients which, at these Mach numbers, are greater
than the streamwise gradients. In the region affected therefore, integral values are not

properly formed and no precise conclusions should be based on their values. The author
has used an "effective" edge state as suggested by Settles (1975) and this must throw in
doubt both the reduction of the Preston tube data (the Hopkins and Keener compressible
adaptation requires edge state values) and the value of the Van Driest transformed
velocity. (See § 9.2.3 above.) It is probable that the outer parts of profiles 0402-0406
are affected by misalignment of probes with the local flow direction.
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700TO TAJI D, 32p22'42 0%

s4010014 0100So 1.0028 1.54 
0  

t. 1) 3 *.32 1.71 .. 00.4 .5
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CAT 8401 TAYLTR 0OUARY CON3ITLINS %N0 EVALUATE;) OT. SI U41TS

RUN D r 7W/Tk R02W cp 41a 812- PO* Pj*
' * *00 Pd/P0 R1027 C4 42 "32K T. T

82 T0. TAUW 12 P12 H42 029K U06 T

04010405 2.4700 1.1032 3. 2151-.04 1.17111-03 1.6047 1.4033 6.1809-,04 4.222Z.04
1.0160!-01 6.949'05 1.4639 1.6839-.05 N 1.185 1.7457 2.8688.02 1.2391-.02
00p1zmTe 2.7$54.02 2.1220-.2Z Z.2410"-03 W4 -0.0851 Z.4644"-03 5.5Z61*.02 2.43,'33 02

84010406 2-2070 1.0962 s.7835.0.4 1.1735-8 3.7258 1.3550 6.4731'-04 6.2329*04
1.2700-0 4.T381'05 1.0355 1.24649*U5 N4 1.7853 1.7? Z.878lu*02 0.4018*12
1500N1TE 2.7674.1d)2 2.*U40"2 1. 5000 -03 N5 -3.0853 2* -03 0.Z3900.0Z 2.62540.02

8401040? 2.1930 1.0959 o.2TO704 1.3032m-03 3.6649 1.3zoo 6.6200'04 6.259---04
1.5260-01 6.41905 ,*0576 1.2471* 5 N 1-008 1.7911 2..9s::02 1.$376,.02
I;FINIT0 2.7399 "02 2*T460" 00 1.4979 -03 Z8 -0.0088 Z.0387-03 5.196Z .02 2*6002 OZ

840104!0 0.0 1.951 1. 9334:04 1.3731-00 3.:5501 1:~798 6:7880::04 6 341.:4
1 7780-01 1.7836"*05 3 .0770 1*2873.30 5 5 1.3207 1,0I.; Z.0 '* OZ C 1" . O 2
14F017*T Z*7544 02 2.3530o* 2 1.;1327 33 45 -0.1128 2.0176"-03 S.2561--02 2.4414.12

84010455 2.1430 1.'055 7.:2834"04 1.43)4-03 3.6655 1.2673 6.9300:*04 6.6507t4
2.0325"-OZ 4.7324.00 3.0420 1 .O19 5 N* 1.829* 0.8204 2.5!29..02 1.4357"*02
INFlISTE 2,7316-+02 3.14L0O-12 1. 562 -03 N4 -0.1306 2.06T5-03 5.2011" 02 2. 61 "*02

84010410 2.1430 1.0345 5.5437. 4 1.4;44"-03 4.3232 1.2471 7.1 40-0. 6.8e7-.04
,2840 -01 6*7142.00 1.0259 1Z-229" C5 5* 1.9438 1.8357 Z*909 .50Z 1.450.1l
INFNITE 2.7972.32 3.2500.32 1.99-03 N -0.14 1.9079 -03 5.16824*42 2.737 432

84010411 2.1430 1.345 . 1337*04 1. 576)"-03 3.97R5 1.2516 6.80010:: 6.3351.04
2.*00o-0 6.466"5 0.0103 1.2105 5 55 1.8477 1.837 Z .2T) 0.8 1.'5'5.0Z
0F.010TE Z.41502 3..40*)2 .4715 "-03 N -0.1551 1.94211-03 5.305002 .752.02

34010401 TAYLOR PROFILE TASULATION 45 POINTS, DELTA AT POINT 40

1 Y PT2/P PP0 T0/T13 M/M0 U/UO T/TO R/Rj*U/UD

1 0.O000 000 1. 0010=00 1.05097 1.04030 0. 00000 .76522 0.00000
2 1.8000'-04 1.62134+00 1.03857 1.03211 0.29857 0.46169 2.39036 0.20068
3 4.1780"-04 2.1432+00 1.03857 1.03229 0.38333 0.56945 2.20679 0.26800
4 6.5940-04 2.7556"+00 1.03857 1.03235 0.45590 0.65124 2.04052 0.33147

-9.0200-04 3.14484+00 1.0335 1.03069 0.49549 0.69144 1.94737 0.36712
6 1.1390"-03 3.3644 -00 1.0 3 6 1.03044 0.51632 0.71164 1.89970 0.38819
7 1.38701-03 3.5940"+00 1.03353 1.03060 0.53715 0.73124 1.85322 0.40781
8 1.6290-03 3.7605*+00 1.03216 1.03056 0.55174 0.74448 1.8:2070 0.42205
9 1.8630"-03 3.9072-.00 1.03027 1.02965 0.56424 0.75522 2.79155 0.43431

10 2.1110"-03 4.0699"+00 1.02849 1-0291 0.57778 0.76677 1.76118 0.44777
11 2.3520:-03 4.20664+00 1.0 80 1.0?29 0.53999 0.77612 1.73696 0.45974
12 2.5909-03 4.3284.400 5.03027 1.02535 0.53881 0.78418 1.71609 0.67075
13 3.0850-03 4.5015 400 1.03626 1.02820 0.61215 0.7562 1.68587 0.4:856

14 3.5720.-03 4.7202+00 1.03679 1.0274, 0.62812 0.80766 1.64970 0.53759
15 4.0580-03 4.9165 +00 1.02943 1.02715 0.64340 0.81871 1.61916 0.52052
16 4.5430.-03 5.1224 +00 01.02207 1.02622 0.65833 0.52935 1.59703 0.53411
17 5.0220-03 5. 32822.00 1.017a3 1.02579 0.67252 0.83980 1.55751 0.54838
10 5.4970.-03 5.5083*+00 1.012S2 1.02416 0.69542 0.848 Z 6 1.53160 0.5609'
19 5.9770*-03 5.6507..00 1.01062 1.0244) 0.69514 0.05473 1.51185 0.57135
2O 6.4600.-03 5.7952 -00 1.0 015 1.02368 1.70486 0.86099 1.49208 0.58232
21 6.9410-03 5.)840+00 1.00778 1.02315 0.71736 0.56905 1.46764 0.59675
22 7.4290.-03 6.0957"*00 1.00694 1.0Z235 0.72465 0.07343 1.45277 0.60539
23 8.3110-03 6.4432*400 1.00463 1.02131 0.74688 0.58686 1.41000 0.63199
24 9.3830 -03 6.7957"400 1.00463 1.02017 0.76875 0.89970 1.36970 0.65990
25 1.0340*-02 7.0829"00 1.00682 1.01852 0.79611 0.90905 1.33725 0.65294
26 1.1290 -02 7.3706"*00 1.00599 1.01752 0.80313 0.51821 1.30712 0.70667
27 1.2260.-02 7.6707-+00 1.00672 1.01592 0.92049 0.92696 1.27612 0.73265
28 1.320.-02 4.0207:.00 1.01108 1.01460 0.54025 0.93662 1.24244 0.75288
29 1.4210-02 8.328350 1.01514 1.0136' 0.85729 0.94478 1.21451 0.78969
30 1.5180--02 8.5543*+00 1.01787 1.01205 0.86979 0.95015 1.19331 0.81046
31 1.6130-02 8.8767+0C 1.01882 1.01110 0.8691 0.95781 1.16655 0.83651
32 1.7100-02 9.2550 "00 1.01534 1.00955 0.906i0 0.9S617 1.13573 0.86715
33 1.8080--02 9.5391--00 1.01787 1.0084q 0.92118 0.97214 1.11370 0.88849
36 1,9040"-02 9.9832*400 1.01514 1.80730 0.93554 0.97491 1.08786 0.91346
35 2.0010"-02 1.0177" 01 1.01240 1.00613 0.95313 0.98458 1.06709 0.93412
36 2.0980--02 1.0433".01 1.00872 1.00420 0.9S563 0.98876 1.04848 0.95126
37 2.1960--02 1.0635" 01 1.00547 1.00317 0.97778 0.99303 1.03145 0.96902
38 2.2930-02 1.08895'01 1.0C326 1.00156 0.90750 0.99602 1.01733 0.98225
39 2.3880-02 1.1050"+01 1.00195 0.99963 0.99514 0.99801 1.00578 0.99321

3 40 2.4840"-02 1.1154" 01 1.00000 1.00010 1.00000 1.00000 1.00000 1.00000
41 2.5780*-02 1.1206"401 0.99905 0.99818 1.00243 1.00030 0.99516 1.00392
42 2.6750--02 1.1258*401 0.99821 0.99637 1.00486 1.00000 0.99035 1.00794
43 2.8690-02 1.1362"401 0.99454 0.99477 1.00972 1.00099 0.98279 1.01296
44 3.0640*-02 1.1362"+01 0.99170 0.99271 1.00972 1.00000 0.98034 1.01108
45 3.2570"-02 1.1414 401 0.99222 0.99299 1.01215 1.00099 0.97807 1.01548



1203-h 541)1-¢'-2

84010101 TAYLOR PROFILE TAULAT2N 71 POINTS, 0E7 T PONT 57

I Y qTZ/P P/P) 7O/T33 /140 U/UO T/TO R/RUIUD

I O.00OO0"O 1.0000+00 1.03444 1.040,1 0.00000 0.00000 2.77725 0.00000
z 8.8900"-05 1.6913"*00 1.03434 1.038)0 0.31142 0.48098 2.33545 0.20866
3 1.7190*-04 1.9844'-00 1.C3434 1.040Th 0.35936 C.54379 2.21344 0.24644
4 2.9320"-04 2.3500"-00 1.03494 1.03672 0.45830 0.60034 2.16544 0.28713
5 3.6,70"-04 2.5563".w0 1.03434 1.038-3 0.43253 0.62058 2.11199 0.30799
6 4.4610"-04 2.61406*00 1.05'93 1.03402 0.63945 0.63521 2.03938 0.32099
7 5.8680"-04 2.7734-+00 1.06119 1.03435 0.45675 0.65370 2.04835 0.33866
8 -.&SO-04 2,0444-00 1.06C74 1.03900 0.45367 C.66271 2.04320 0.341
9 *.2031"-04 3.01,4"+00 1.00895 1.03523 ).40097 0.67917 1.99399 0.36069
10 8.5740"-04 3.1915"+30 1.C57s2 1.034 ) 1.498:7 6.63644 1.95362 0.37703
11 9.4040-04 3.3011"0 1.0585 1.V3331 0.50865 0.70604 1.92670 0.38805
02 1.0090"-03 3.3392"+00 2.06074 1.0373) 0.51211 0.71075 1.92620 0.39140
13 1.2130-03 3.4133"+00 1.050 )2 1.030:0 0.51903 0.71772 1.91218 0.39446
54 1.4o90"-03 3.4894"30 1.05340 1.03039 3.52595 0.70450 1.8?766 0.40226
15 1.5830"-03 3.b450'"+00 1.05593 1.0341- 0.53979 0.73537 1.85344 0.41807

16 1.7990"-03 3.5050"300 1.05226 1.0361' 7.55363 0.74895 1.83006 0.43064
17 2.0080"-03 3. 3456"00 1.04024 1.0 33-! 0.5579 0.75105 1.81702 0.43316
18 2.1350-03 3.3273"+0C 1.05032 1.034-1 0.56401 0.75750 1.@0380 0.44035
19 2.350"-03 3.9683-"02 1.05226 1.037z7 3.56747 0.74161 1.80162 0.4487
20 2.5390"-03 3.)27"3 1.00273 0.036- 0.554)1 0.75837 1.3795 0.44157
21 2.7700"-03 4.2238"+00 1.05449 1.033)1 0.5824 0.77;09 1.743.7 0.46d)4
z2 2.9540"-03 4.3547"+10 1. 0553 1.037;6 ).59942 0.738q21 1.73374 0.47931
23 3.4500"-03 4. 3939"-00 !.05717 1.03224 0.6204 0.7199 1.7160 0.468576
24 3.9173"-03 4.5695"00 1.05C32 1.035Mi 0.6294 0.8367 1.47827 0.5392
25 4.3390"-03 4. 5645" ) 1.04536 1.03s 0.622?4 0.93653 1.67642 0. 000
24 4.855 0-03 5.045"00 1.04243 1.03 24 .505z 0,2476 2.61525 0.13356
27 5.3540"-03 5.1905"+00 1.037)7 1.2307' o.;"030 C.q3074 1.5514 0.5.331
25 5.9000"-03 5.1304"+0h 1.0'171 1.03274 1.65436 C.83706 1.50745 0.54431
29 6.2910"-03 5.3381"+)0 !,03371 1,032- 2.67120 0.34194 1.5'333 0.55,13
3c 6.739D"-03 5.6913"+0C 1.03413 1 .3273 0.03550 0.55694 1.51912 C.59i30
31 7.2000"-03 5.i913"2+0 1.035 23 1.027-4 0.69550 0.8677 1.5.751 .553'
32 7.7130"-03 6.1117"*30 1.03454 1.025,- 0.7231 .q97439 10.44198 C.61;
33 8.2000"-03 S.0051"-0 1.0377 1.023 )2 .71626 0.s5916 1.4'241 C.616

34 8.6900"-03 6.2113"+)0 1.04E24 12 .2 .i 73310 0.01997 1.45257 0.6?4 -'
35 9.2210"-03 6.21 03"+o 1.046 ? 0 1.231 0.7301C 0.079'5 1.44635 0.63505
34 9.6750-03 6.54 34'"05 1.04511 1.025> 0.7537 0.3)149 1..0963 0.65035
37 1.0120"-02 6.7730"-00 1.044 22 1.02Z5 0.75471 0.900,4 0.3i526 0.670.t
33 3.0660"-02 6.71!5"+00 1.3932 1.022,0 0.76125 0.09672 1.31760 0.4714
39 1.1090"-02 6.9442"+00 1.07303 1.019)1 0.77509 0.9u370 1.3 O5 0.6675
40 1.1560"-02 7.1761-+00 0.0292 1.0207 '2.73893 0.3q113 1.33634 0.70296

1 1.2090"-02 7.4122".00 1.02050 1.0207 0.80277 0.91915 1.31268 0.72069
42 1.2570"-02 7.2937"+00 1.02456 1.01913 3.79585 0.91521 1.32245 0.70905
43 1.3500"-02 7.957"00 1.019 2 1.01632 0.93391 0.93440 1.25554 0.75952
44 1.4470--02 S.2083"-00 1.01638 1.01874 . 84775 0.94240 1.23629 0.77470
45 1.5420"-02 3.3992"+00 1.01251 0.01405 0.85013 0.94679 1.21731 0.78750
46 1.6400"-02 9.9161"-00 1.0303 1.0142' 0.30591 0.95900 1.17207 0.82625
47 1.7353"-02 9.3154".00 1.01C27 1.01127 .90657 0.94739 1.11863 0.05832
48 1.8310"-02 9.3829"+00 1.00 33 1.01144 0.91004 0.95077 1.13325 0.05240
4Q 1.9290"-02 3.3624"+00 1.00670 1.0070h 0.33426 0.7747 1.0510 0.89075
so 2.0250"-02 1.0426".01 1.004)2 1.03,6 0.951)4 0.9913 1.03745 0.93920
51 2.1280"-02 1.'j565"01 1.00223 1.00722 0.9636 0.93115 1.04718 0.94139

52 2.2210"-02 1.3309"-30 1.0(45 1.09413 0.93270 0.93546 1.02615 0.97053
53 2.3200"-02 1.0159"1 1.00134 1.004,3 2.98270 0.9554 1.02451 0.901Z3
34 2.4130"-02 1.1 o0".01 1.0,253 1.03243 0.335 0.4330 1.0111b 0.930Z3
85 2.5223-02 1.1030".01 2.39020 1.0D13 0.99303 0.99731 1.00974 0.93651
i6 2.6160"-02 1.1223".31 0.936-3 1.000", 1.0)000 1.33000 1.0)000 0.93643

3 97 2.7190"-02 1.122"+01 1.00C03 1.000:2 1.00030 1.00000 1.00000 1.03000
33 2.9080"-02 1.1377"00 0.9921 0.99?,) 1.0j692 1.03182 0.9 009 1.01214
59 2.9120"-02 1.13771.01 3.1)330 1.00043 1.00692 1.03279 0.99111 1.00429
60 3.0080"-02 1.1302"t01 1.03134 0.999i6 1.07346 1.0,037 0.39404 1.0)740
61 3.1390"-02 1.1377".31 1.002s9 1.00043 1.00632 1.03279 0.99131 1.0137
62 3.2050"-02 1.1377"+01 1.0300 1.43043 1.00692 1.03279 0.0)9111 1.011U7
3 3.3001"-02 1.1377"+01 1.0670 1.00043 1.0369Z 1.03279 0.99131 1.01734

64 3.4010"-02 1.1377".+1 1.02357 0.94 1.0062 1.03192 0.99009 1.01556
65 3.4960"-02 1.1377".31 1.03432 1.00043 1.006)2 1.03279 0. 391' 1.01513
66 3.5980--02 1.130Z*.01 1.03447 0.999:5 1.00346 1.0)087 0.- 1.01055
67 3.6940"-02 1.1377"-31 1.001 9 1.00043 1.60632 1.0)279 1.01248

65 3.7930"-02 1.1452"+01 0.990t2 0.999, 1.01038 1.0036 1.00761
69 3.8910"-02 1.1452"+iI 0. ?413 0.99952 1.0103R -.03)36 0.v674 1.01124
70 3.9910"-02 1.1452"--1 0.99413 0.939. 1.0103q 1.0036 0.95674 1.01124

71 4.0960"-0Z 1.1452"'01 0.30973 0.999s2 1.0103? 1.00366 0.93674 1.03670



8401-C-3 12L-7

84010105 TAYLOR DROV1LE TABULATION 71 POINTS, OELTA AT POINT 56

1 y -TZ/P P/P: TO/TO) M/O U/UD T/TD R/RD*U/UO

1 0.0000--00 1.0000".00 1.17657 1.040W 0.00000 0.03000 2.74137 0.0U000
2 8.,9900-OS 1.9379"+00 1.17657 1.0449? 0.35664 0.53853 Z.2000 O.ZT89
3 1.5740--04 2.1551"+00 1.17657 1.03761 0.39151 0.57909 2.13668 0.31159
4 2.5850--04 2.3500*-00 1.17657 1.04232 0.41259 0.6501 2.15026 0.33115
5 3.2340--04 2.5568-.00 1.17637 1.03473 0.43706 0.63005 2.07807 0.35672
6 4.4610-04 2.6186".00 1.17614 1.04035 0.44406 0.63957 2.07444 0.36262
7 5.5790-04 2.74S?..00 1.17639 1.04343 0.45934 0.65544 2.04765 0.37592
a 6.3370--04 2.9113"+00 1.17351 1.03850 0.4755Z 0.67219 1.99821 0.3;476
9 7.4920--04 2.4115"*00 1.1717 1.03850 0.47552 0.67219 1.99821 0.3941d

10 8.2850--04 2.9791-00 1.17045 1.03975 0.45252 0.67977 1.98474 0.40090
11 9.0430--04 3.1555"-00 1.16914 1.038?3 0.50000 0.69706 1.94354 G.41931
12 1.0090--03 3.1915-+00 1.16743 1.14330 0.50350 0.70199 1.943.9 0.42174
13 1.1680"-03 3.2278".03 1.165z1 1.036:S 0.50699 0.70305 1.92296 0.426JI
14 1.3770"-03 3.52791+00 1.16171 1.034.3 0.53697 0.72897 1.85682 0.45608
15 1.6260"-03 3.5667*.00 1.15322 1.041V 0.53846 0.73461 1.86127 0.45713
16 1.7920--03 3.5667"+00 1.15359 1.03755 0.53546 0.73338 1.85502 0.45686
17 1.9940--03 3.9456"+00 1.15210 1.03492 0.56294 0.75454 1.796s 0.48387
18 2.1820-03 3.6866+00 1.14948 1.03810 0.56643 0.75877 1.79442 0.48606
19 2.3440--03 3.8456--00 1.146a5 1.040Z. 0.56234 0.75648 1.60582 0.46043
20 2.5710--03 4.0110'+00 1.14336 1.03867 0.576;2 0.76412 1.77264 0.49544

1 2.7550-Oj 4.0531" a0 1.14073 1.03912 0.58042 0.77129 1.765385 0.49825
22 2.9T90'-03 4.2238-+00 1.13724 1.037f3 0.59441 0.78238 1.73336 0.51344
23 3.4260--03 4.4890--00 1.13068 1.037.5 0.61539 0.79951 1.60791 0.53556
24 3.8805--03 4.5793+00 1.12325 1.030) 0.62238 0.90268 1.66332 0.54205
25 4.4110--03 4.66935*00 1.11495 1.03530 0.62937 0.91039 1.65672 0.54518
26 4.8770--03 4.9023-+00 1.1C795 I.02973 0.64695 0.92120 1.61169 0.5S453
27 5.3280 -43 4.9973--00 1. 140 1.0J054 0.6S335 0.82666 1.59847 0.56960
28 5.8510--03 5.1418"+o0 1.09353 1.02844 0.66434 0.833S4 1.57426 0.57900
29 6.3270 -03 5.3878-+00 1.08610 1.03133 0.68152 0.4747 1.54494 0.51578
30 6.7890--03 5.5894"+03 1.0767 1.0293. 0.69590 0.85576 1.51261 0.61026
31 7.2580--03 5.5894--00 1.07163 1.0279Z 0.69530 0.85558 1.51199 0.60643
32 7.7780--03 5.9473--00 1.063q1 1.02670 0.71329 0.85687 1.47699 0.62437
33 9.10890"-03 5.896-0 C 1.05726 1.02833 0.71679 0.86986 1.47274 0.62446
34 8.5800--03 6.32 0-00 1.04993 1.02676 0.74475 0-80715 1.41R3 0.65637
35 9.1880--03 6.2735-400 1.04196 1.02734 0.74126 0.85521 1.47609 0.64677
36 9.6610--03 6.6602-+00 1.03453 1.02633 0.76573 0.900o2 1.3q149 0.67398
37 1.0190 -02 6.7730.00 1.02666 1.02337 0.77273 0.90256 3.36458 0.67913
38 1.0660--02 6.8969*-00 1.01923 1.02321 0.77972 0.90672 1.3$228 0.634 0
39 1.1110-02 7.0397"-00 3.02224 1o02355 0.79021 0.91201 1.33202 0.63306
40 1.1620--02 7.4719"00 1.00491 1.02131 0.81469 0.92559 1.29079 0.72052
41 1.2130 -02 7.625"+00 1.00000 1.02290 0.82517 0.93193 1.27549 0.73065
62 1.2580--02 7.7742"+00 1.00000 1.02250 0.83217 0.93546 1.26366 0.74028
43 1.3570--02 8,0Z07?-00 1.00000 1.01935 0.84615 0.94128 1.23748 0.76064
44 1.4510--02 8.2093+00 1.0300 1.017c1 0.55664 0.94551 1.21824 0.77613
45 1.5440--02 8.6551"+00 1.00000 1.015t7 0.88112 0.95697 1.17959 0.81125
46 1.6370"-02 8.8505-+00 1.00030 1.01393 0.89161 0.96103 1.16179 0.8"720
47 1.7400 -02 9.1146-*00 1.00000 1.01334 0.9559 0.96720 1.14069 0.84791
48 1.8390--02 9.6553-00 1.0".000 1.01352 0.93357 0.979T2 1.10132 0.88959
49 1.9360-02 9.9319-+00 1.00000 1.01031 0.94755 0.98413 1.07370 0.91233
s0 2.0280--0Z 1.0072.'01 1.00300 1.00933 0.95455 0.98660 1.06829 0.91353
51 Z.1280-02 1.0203-+01 1.00000 1.00743 0.96504 0.98995 1.05230 0.94075
52 2.2270--02 1.0569"401 1.00030 1.00642 0.97902 0.99506 1.03304 0.96324
53 2.3230--02 1. 079T701 1.00030 1.00453 0.95951 0.99824 1.01772 0.98086
54 2.4230--02 1. 787- 31 1.00030 1.00311 0.99951 0.99753 1.01628 0.9d155
55 2.5180-02 1.8539"l1 1.000JO 1.00285 0.99301 0.99877 1.01163 0.98728

0 56 2*6180-02 1.1006*O91 1.00090 1.000,3 1.00000 1.00000 1.00000 1.00000
S7 2.7150--02 1.1030*+01 1.00000 0.999.1 1.00350 1.00088 0.994T9 1.00613
58 2.8110"-02 1.10301*01 1.0000D 1.00037 1.00350 1.00176 0.99654 1.00524
59 2.9100"-02 1. 12235"01 1.00030 0.99952 1.01049 1.00370 0.95661 1.01733
60 3.0040-02 1.1154.11 1.0000 1.30037 1.006 9 1.00282 0.99174 0.01118
61 3.1010"-02 1. 12281-31 1.33C30 0.999;: 1.01049 1.00370 0.93661 1.01733
62 3.ZZ0-o0z 1.1154- 01 1.00090 1.00037 1.03696 1.00282 0.99174 1.01118
63 3.3030--02 1.1080"(1 1.00010 1.00037 1.00350 1.03176 0.99654 1.00524
64 3.3980-02 1.1134".01 1.00030 1.000:7 1.00693 1.00282 0.99174 1.01118
65 3.4960'-02 1.10301+01 1.00030 0.99911 1.00350 1.00088 0.S479 1.00613
66 3.5920 -02 1.1050.31 1.0030 1.03097 1.00350 1.00176 0.99654 1.00524
67 3.6910.-02 1.1080,+31 1.00010 0.99911 1.00350 1.00088 0.99479 1.00613
98 3,7930--02 1.1080-+51 1.00000 1.00097 1.00350 1.00176 0.99634 1.00524
69 3.8900*-02 1.1080.301 1.00070 1.00037 1.00350 1.00176 0.996S4 1.00524
70 3.9890--02 1.1080".01 1.00000 0.99911 1.05350 1.00088 0.99479 1.00613
71 4.0940"-02 1.1080.01 1.00020 1.00037 1.0033 1.00176 0.99654 1.00524



l2E- X401-( -4

34010107 TAYLOR PROFLE TASULA'I)N 61 POINTS, DELTA AT POINT 53

I y PTZ/P P/PO TO/ITO 4/4 '3UO TT0 R/RDU/UO

1 0.0000--00 1.000*-00 1.61265 1.040)1 5.0000 0.00000 2.74137 0.000)0

2 83900-05 1.637*+00 1.61365 1.039i9 0.30420 0.465931 2.39022 0.31817

3 1.5700"-04 1.3245"+00 1.61355 1.03155 0.33916 0.51338 2.29350 0.36178

4 2.9250--04 2. 035"*00 1.61355 1.03876 0.3705S 0. 55417 2.23568 0.3)999

5 3.3640--04 2.1851"+00 1.61365 1.02512 0.331t1 0.57641 2.16651 0.42932

6 4.4730-04 2.2661+03 1.63447 1.03072 0.40210 0.53940 2.1485 0. 4387

7 5.4770-'04 2.2737--00 1.63314 1.03646 0.40559 0.59509 2.1 269 0.451-4

8 6.373G'-04 2.3786-03 j.Al
6 6  

1.034:7 0.4603 0.60619 2.12464 0.46721

9 7.6230-04 2.4075-+00 1,63 34 1.02910 0.41953 0.5914 2.1T71 0.47373

10 8.4830-04 2.4663-+03 1.53433 1.03145 0.42657 0.51751 2.09554 0.46151
11 9.6350-04 2.5875.300 1.63C48 1.030;3 0.44056 0.t3215 2.05064 0.52133
12 1.0350-03 2.5375"+30 1.63226 1.03023 0.44055 0.63245 2.06034 0.57092

13 1.2500--03 2.7136"+00 1.6264 1.02356 0.45454 0.6470 4 2.02631 0.51951
14 1.4510-03 2.6316"+C0 2.62551 1.03135 0.45125 G.64437 2.040)0 0.51325
15 1.6270'-03 2.3112-+00 1.62635 1.03433 0.465)4 0.66037 2.01442 0.53276
16 1.3240-03 2.9115--)J 1.62295 1.02'. 0.47552 0.67017 1.91618 0.'476
17 2.0170"-03 2.577"+00 1.61852 1.0317' 0.47233 0.65425 1.99224 0.54127
13 2.190"-03 3.0492'+00 1.6108 1.0305d 0.4591 0.63316 1.95171 0.5566
19 2.4080"-03 3.1555"*00 1.6135 1.03615 0.50050 0.69614 1.93844 0.53177
20 2.5870'-03 3.1198"+00 1.61896 1.027)1 0.49650 0.s3331 1.93033 0.573 3
21 2.7590 -03 3.1915 -00 1.61852 1.035)6 0.50350 0.A9152 1.93022 C.5865,

22 2.9740--03 3.3756"+00 1.61052 1.023.4 1.5201? 0.71375 1.87696 0.6158
23 3.4440-03 3.4834"+) 1.618)6 1.o06 1 3.53147 0.722i3 1.04974 0.63254

24 3.9530"-03 3.6450 00 1.61320 1.02733 0.54545 0.73635 1.02241 0.65161
25 4.4150"-03 3.7245M00 1.61232 1.025:' 0.55245 0.74153 1.4241 0.66346
26 4.9030-03 3.9273-+00 1.60422 1.02333 0.559)3 0.7566? 1.76247 0.6J09 4
27 5.3620-03 4.0531"+0 1.6.21 1.030'3 0.590±2 0.76519 1.75163 5.70299
33 5.1530*-03 4.2672"+')0 1.62124 1.529,1 0.517 0 0.7242 1.71247 0.73160
9 6.3330-03 4.399+00 1.51991 1.02433 0.6R39 0.73918 1.65253 0.75039

30 5.3100-03 4.6237"+00 1.597)4 1.02439 0.62507 0.930 1.6435 0.7'802
31 7.2790-03 4.7619"410 1.59141 1.023:3 0.63636 5.81053 1.62229 0.73514
32 7.7420"-00 4.9023.-)) 1.51928 1.02597 0.6505 0.81961 1.60545 0.31135

33 8.2220-03 5.2394"+J0 1.59149 1.121: 0.0'137 0.93552 1.549 33 C.95836
34 3.6)10"-03 5.2396"-,) 1.50618 1.025) 0.6'133 0.83722 1.55527 0.85336
35 9.1900"-03 5.3391".00 1.54618 1.025:3 3.61332 0.44220 1.54155 0.8665

36 9.6630--03 5.6918"J0 1.537 s 1.020:1 0. 79203 0.65714 1.4177 0.61479
37 1.5160"-02 5.6910"l00 1.533)7 1.01935 0.72 0 0.9563' 1.40635 C.01242
39 1.0630--02 5.9523"+00 1.57554 1.01834 0.72023 0.5831 1.452 1 0.9,151
39 1.1130"-02 6.1654"+00 1.57323 1.019:2 0.7340'7 0.722 1 .6217 0. 90535

40 1.1610"-02 4.4377"00 1.56092 1.01815 0.75175 0.93774 1.30453 0.90356

41 1.2000-02 6.3250".00 1.54197 1.017j4 0.7475 0.93Z94 1.40501 0.95
42 1.2480-02 6.7730"-00 1.51833 1.01537 0.77273 0.83913 1.35391 1.00836
43 1.3450"-02 7.4122'-00 1.'471 1.015 0.81119 0.92131 1.26909 I.C58
44 1.4440"-02 T.7742'+30 1.42313 1.012'1 0.08217 0.93037 1.25156 1.35833
45 1.5400-032 .Z033+20 1.37t6 1.0113' 0.856- 0 .9439 1.21150 1.07139
46 1.6380--02 8.3982-.00 1.32920 1.0 1Cs 0.35713 0.94941 1.1964 1.0532

67 1.7350-02 3.505-+0 1.2,223 1.0093. 0.031,1 0.95837 1.15536 1.75351
43 1.3330-02 3.11466+00 1.23430 1.007:1 0. 9559 0.35440 1.13413 1.04956
49 1.9260-02 9.2482".00 1.1919 1.036? 0.91253 0.96709 1.12331 1.02409
50 2.0250-02 9.536)"+00 1.14039 1.00433 0.93097 0.974)3 1.09676 1.01322

51 z.i22O"-O2 1.0002200 1.0933 1.00223 0.95135 0.99163 1.06564 1.0)792

52 2.22300-02 1.0569"+01 1.04652 1.00239 0.979 2 0.9)36 1.0289 1.01C08

0 53 2.3160"-02 1.1006"+01 1.01010 1.00V5j 1.000)0 1.0)30 1.00000 1.0000
54 2.4140"-02 1.1302"+01 0.9843 0.99917 1.0131) 1.0040 0.93196 1.01740
55 2.5120"-02 1.1223"+02 0.98449 0.336) 1.0109 1.03213 0.99352 1.00312

56 2.6100"-02 1.1228".01 0.934'9 0.99711 1.01049 1.0,249 0.9423 1.00276

57 2.7070-02 1.1302.+33 0.9340 0.99633 1.01359 1.00338 0.97918 1.00332
58 2.3030"-02 1.13032-01 0.93419 0.996, 1.013)9 1.00338 0.97918 1.00992
59 2.9030-02 1.1377*01 0.93443 0.49552 1.017> 1.0)427 0.97420 1.01438

40 3.0010"-02 1.1302"+01 ).94') 0.936>) 1.01339 1.03138 0.97918 1.00392
51 3.1000"-02 1.1332"+00 0. 34 0.996:) 1.01399 1.01338 0.97913 1.00382



8401-C-5 12E-9

34010109 TAYLOR PROFILE T4,ULAT13N 66 PlINTS, DELTA AT POINT 57

I Y PTZ/P P/PI TO/T)D M/t50 U/U0 I/TO Q8o*UI/UO

1 0.0000".00 1.0000"+00 1.05671 1.03930 0.00000 0.00000 2.35038 0.0000
2 8.6900"-05 1.53 6M*00 1.05671 1.04359 0.32f1 0.4659? 2.09494 0.23617
3 1.7940-04 l.7874"300 1.05671 1.03551 0.37549 0.53Z93 1.96263 0.a8404
4 2.8800m-04 2. 35TO1.0 1.05611 1.039S4 3.1629 0.35943 1.91183 0.32579
5 3.e580'-04 2.2383*.00 1.0671 1.04031 0.45415 0.62044 1.9S609 0.35133
6 4.9440-04 2. 3500--50 1.05592 1.033s4 0.47012 0.63548 1.82720 0.36724
7 5.8490-04 2.4961,o00 1.05750 1.037;6 0.44034 0.65749 1.80020 0.38624
8 7.0070"-04 2.4961-+00 1.05566 1.036)3 0.49004 0.63731 1.79920 0.385S7
9 T.8400-04 2.55s8- )0 1.5277 1.338.3 0.49801 0.66593 1.78809 0.39208
10 8.92600-04 2.745-3+00 1.95437 1.0343) 0.52191 0.63850 1.74025 0.41734
11 9.7220-04 2. 713'+J0 O1.051 6 1.02857 0.51793 0.68291 1.73804 0.41308
12 !.0190"-03 2.7458'-00 1.04933 1.0293 0.521 1 0.68703 1.73243 .41605
13 1.1390--03 2.9455-+00 1.05303 1.03017 0.45592 0.71015 1.69278 1.44176
14 1.2620-03 2.4773--00 1.05172 1.03211 0.5375 0.70336 3.71016 0.43256
15 1.3920--03 2.9798"+00 1.0501' 1.03416 0.54930 0.71528 1.69256 0.4.379
16 1.5040-03 2.9455"+00 1.04814 1.02954 0.54582 0.T3996 1.69190 0.43978

17 1.5590"-03 3.144-. 00 1.04639 1.03079 0.55378 0.71785 1.65029 0.44729
1s 1.6670--03 3. 3144--00 1.04831 1.03073 0.55378 0.7175 1.64029 0.44786
19 1.8080"-03 3.1193-00 1.0'778 1.03257 0.56574 0.72959 1.66314 0.45964
20 1.9240-03 3.0044-+30 1.04752 1.03529 1.56175 0.72634 1.67412 0.45479
21 2.0370"-03 3.11 W-00 1.04621 1.02852 0.36574 0.728012 1.65646 0.45958

22 2.1780"-03 3.1195-"400 1.04773 1.035') 0.56514 0.73069 1.66817 0.45835
23 2.5760-03 3. 264 200 1.04952 1.0301) 0.591S7 0.74317 1.63235 0.47786
24 3 010"-03 3. 32*-00 1.05172 1.02734 0.59966 0.74922 1.6145Z 0.45805
a5 3.4630-03 3.5279300 1.04936 1.0651 1.6D'56 0.76628 1.53030 0.508M3
26 3.8100-03 3.41331+10 1.05146 1.0 34- i .59761 0.75976 1.61203 0.49491

27 4.2230"-03 3.4)4--30 1.04752 1.0313' 0.60559 0.76463 1.59427 0.50240

28 4.6500-03 3.9050"-0 1.)4439 1.028 3. 0.637T45 0.79050 1.53793 0.53711
Z9 4.9908'-03 3. 7646--30 1.04219 1.0307C 0.63347 0.7993 1.54713 0.53100
30 5.4000-03 3. 456--00 1.0?S33 1.03035 0.64143 0.78453 1.53433 0.53823
31 5.a490'-03 3.14 56-00 1.03e96 1.02421 0.64143 0.79197 1.52443 0.53910
32 6.2870*-03 4.0110"+00 1.03676 1.02573 0.65737 0.80536 1.50091 0.55630
33 6.6920*-03 4. 2233"-50 1.033T 1.02217 0.67729 0.81948 1.46396 0.57873
3' 7.1410--03 4.3547'+00 1.02371 1.02236 0.60924 0.82894 1.44609 0.59212
35 7.4960--03 4.31080'") 1.0?177 1.0271' 0.64526 0.82756 0.45843 0.58546
36 7.9450-03 4. 35 47 U 1.03072 1.02422 0.68924 0.82939 1.44801 0.59037
37 8.3650 -03 4.3086"4)0 1.0331' 1.02411 0.72908 0.85838 1.38611 0-63861

38 8.7080--03 4.715633 1.0289 1.02271 0.72112 0.95214 1.39640 0-6786
39 9.1390-03 4.6695--30 1.03045 1.024 Q 0.71713 0.84994 1.40467 0.62350
40 9.5340--03 5.0452.-30 1.02B42 1.022:5 0.74900 0.87140 1.35353 0.66223

41 9.9720--03 4.9973'-00 1.07.255 1.01823 0.7.452 0.86718 1.35482 0.66090
42 1.0360-02 5.2394--00 1.02835 1.01792 0.76494 0.88021 1.32408 0.65362
43 1.1130*-02 5.3873"-00 1.02940 1.020)' 0.77659 0.88901 1.30946 0.69857
44 1.2000"-02 5.3473.00 0.07290 1.01531 0.81275 0.90974 1.25292 0.75012
45 1.Z800"-02 6.2193--10 1.03G19 1.0187' 0.86064 0.92772 1.21791 0.T84T2
'6 1.3790--02 6.3827-+0O 1.02914 1.31294 0.85259 0.93194 1.19480 0.80273
47 1.4730-02 6.7165.*00 1.02914 1.0133! 0.87649 0.94552 1.16369 0.83619

48 1.5580-02 6.7730-400 1.02809 1.01054 0.89045 0.94643 1.15543 0.84213
49 1.6540"-02 7.3528 .0o 1.02573 1.01171 0.92332 0.96790 1.10606 0.89760
50 1.7490--02 7.5319*400 1.02520 1.009', 0.932Z7 0.97303 1.05936 0.91573

51 1.8400-02 7.774Z00 1.02310 1.00923 0.94921 0.98055 1.06939 0.93811
52 1.9310-02 8.0290+00 1.01995 1.007-5 0.96813 0.98918 1.04396 0.96643

53 2.0280"-02 9.2083"400 1.01'15 1.0041 0.97610 0.99119 1.03117 0.97486
54 2.1160*-02 8.4620"400 1.01155 1.0036 0.992q3 0.99817 1.01240 0.99732
55 2.2060*-02 6. 5261 *00 1.007 61 1.00097 0.99602 0.99872 1.00543 1.00088
56 2.29601-0Z 4.5Z61.00 1.00499 0.99937 0.99602 0.99817 1.00432 0.99893

o 57 2.3830-02 8.59051400 1.00000 1.0002) 1.00000 1.00000 1.00000 1.00000
Se 2.47901-02 8.7200.00 0.99790 0.99632 0.007)7 1.03165 0.99750 1.01220
59 2.5740-02 8.7230"-00 0.99317 0.99456 1.00737 1.00092 0.95606 1.00814
-0 2.6620--02 9.6550"+00 0.99031 0.99540 1.00390 0.99945 0.99100 0.99926
"1 2.757ao-02 8.72 0*'00 0.93697 0.99445 1.00177 1.00073 0.94549 1.00194
62 2.8470--02 8.781".00 0.90310 0.9)53) 1.01195 1.00312 0.95262 1.00156
|3 2.9340-02 d.72011-00 ).97611 0.997'5 1.007 7 1.00202 0.99823 0.98973
S4 3.0370"-02 8.7200'.00 0.97243 0.9 97" 1.00737 1.00202 0.99821 0.93600

65 3.1330-02 8.4535.3) 0.67 1 0 .99?2 0.0154 .00440 0.97741 0.99443
66 3.2240-02 9.1505*-00 3.96640 0.99452 1.01534 1.00440 0.97741 0.99308



12E-lU 1401-(-6

34010404 TAYLOR PROFILE TABULATION 66 POINTS, DELTA AT POINT 30

PT2/P P/P3 TO/T0 M/MD U/UD T/TO R/RDwU/U0

1 0.0000" 00 1.0000"+O0 1.69434 1.03996 0.00000 0.01000 2.57539 0.00000
2 1.8000-04 1.5330+00 1.7u112 1.02825 0.29654 0.44519 2.25384 0.33601
3 4.1310--04 1.475S4-00 1.70112 1.02817 0.28215 0.42589 2.27839 0.31798

4 5.1160"-04 1.5792"+0O 1.70112 1.02775 0.32732 0.45931 2.23367 0.369 0
5 7.4360"-04 1.0800 '+O0 1.70112 1.02775 0.36580 0.53337 2.12512 0.42696
6 9.9650"-04 2.0035W,00 1.77398 1.02721 0.33572 0.55705 2.08563 0.47381

7 1.2340-03 2.1536--00 1.75873 1.02670 0.40730 0.58265 2.04132 0.52199
8 1.4740-03 2.2661"+10 1.74687 1.02754 0.42326 0.60043 2.01236 0.52121

9 1.7200"-03 2.3671.N00 1.73640 1.02503 0.43651 0.61465 1.90275 0.53890

to 1.9720"-03 2.4485"+00 1.72823 1.02651 0.446S2 0.62593 1.96240 0.55123

11 2.2030"-03 2.5324:+00 1 71976 1.02603 0.45712 0.63710 1.94267 0.56406

12 2.3700 -03 2.5660 +00 171467 1.02563 0.46117 0.64117 1.93294 0.55877

13 2.8460"-03 2.7329 +0 1.69943 1.0247 0o406 0.66128 1.89263 0.53378

14 3.3240-03 2.8845+00 1.68553 1.024;7 C.43761 0.67825 1.85782 0-61535
15 3.8090-03 3.0318-+00 1.67249 1.02311 0.51343 0.69339 1.82392 0.63585

16 4.2930:-03 3.1807+0I 1.66347 1.02231 0.52888 0.70812 1.79258 0.65720

17 4.7690"-03 3.2974 +00 565537 1.022 3 0.5467 0.71899 1.76860 0.67304

10 5.2530"-03 3.4971".30 1.64470 1.021s 0.56018 0.73656 1.72891 0.70069

19 5.7410"-03 3.6925-+00 1.63030 1.03073 0 .5759 0.75251 1.69162 0.72523

?0 6.2240"-03 3.9334 +00 1.62217 1.0203) 0.59146 0.76343 1.66629 0.743.7

21 6.6510"-03 3.945".+00 1.61132 1.019 37 0.60177 0.77202 1.64590 0.75580

2 7.139 0-03 4.1294"+10 1.59990 101932 0.61759 0.7849Z 1.61437 0.77750
23 8.0230-03 4.5150"-+.J 1.57937 1.01832 0.649 8 0.81002 1.55306 0.82406

?4 8.9150-03 4.9173"00 1.55541 1.01667 0.67427 0.82759 1.50648 0.85447

25 9.8T903-03 5.2247".30 1.5854 1.01523 0.70506 0.84933 1.44908 0.99596
26 1.0840"-02 5.6149.00 1.5CC17 1.01432 0.73427 0.85823 1.35815 0.93156

27 1.1730"-02 5.9840"+0 1.67205 1.01310 0.76040 0.80459 1.35332 0.9t219

70 1.2640"-02 6.4432:.30 1.47934 1.011.4 0.7!145 0.93298 1.30092 0.99905
79 1 .3530.-02 6. 8755".0 1.4 241 1.01074 0.5:2 0.91903 1.25605 1.02612

30 1.4510"-02 7.2S 7+00 1.36L09 1.00939 0.94615 0.93274 1.21514 1.C4453

30 1 .5400.-02 7.5 59"+00 1.32036 1.00840 0.87486 0.94727 1.17238 1.0659
32 1.6280"-02 8.1957".J0 1.27550 1.006)7 0.95099 0.95957 1.13424 1.07907
33 1.7160"-02 8.6034"00 1.2 057 1.00551 0.92455 0.97003 1.10080 1.00262

34 1.7970"-02 8.9227-.00 1.18706 1.00457 0.94258 0.97705 1.07623 1.07854
35 1.8850"-02 9.2031" 00 1.13995 1.00355 0.95841 0.98435 1.05437 1.0s375
36 1.9750-02 9.4914"-00 1.09092 1.00254 0.97387 0.99045 1.03434 1.04453
37 2.0660"-02 9. 7379--00 1.04439 1.00113 0.95712 0.99533 1.01470 1.02244

D 38 2.1550"-02 3.9803"00 1.0C030 1.00000 1.00030 1.00000 1.00000 1.00000
39 2.2460"-02 1.0177.+01 0.95849 0.99907 1.01031 1.00366 0.99688 0.97478

40 2.3350"-02 1.0276.+O1 0.92054 0.99706 1.01546 1.00508 0.97967 0.94442
41 2.4250--02 1.0433"+31 0.88292 0.99644 1.02356 1.00752 0.96891 0.91811
42 2.51401-02 1.0685"+01 0.84768 0.99516 1.03644 1.01179 0.95300 0.89997
43 2.7030-02 1.1154"+01 0.79898 0.99224 1.05999 1.01900 0.92415 0.88098
44 2.8890"-02 1.1414-+01 0.77804 0.99119 1.07297 1.02306 0.90930 0.87539

45 3.0730"-02 1.1520"31 0.76754 0.98945 1.07803 1.02408 0.90242 0.07102

46 3-2600-02 1.1572"+J1 0.75839 0.98938 1.08060 1.82509 0.89990 0-,
6
3
8
9

I, mmemmsmmm|



8401-C-7 12E-l I

8401040T TAYLOR PROFILE TAIULATI3N 41 POINTS, DELTA AT POINT 30

1 Y PTZ/P P/Po TO/TOO "/NO U/UO T/TO R/ROB*U/UO

1 0.0000"+00 1.0000"00 1.05764 1.03919 0.00000 0.00000 2.04031 0.00000
Z 1.000-04 1.5S73U 00 1.04643 1.02398 0.37451 0.49827 1.77010 0.29456
3 4.2270-04 1.6939"+00 1.04643 1.02345 0.41104 0.54013 1.72717 0.32728
4 6.1810-04 1.9868'+00 1.04643 1.02249 0.*4T469 0.60950 1.64845 0.38666
5 8.7580--04 2.3161-+00 1.04643 1.02290 0.53260 0.66875 1.57660 0.44387
6 1.1130 -03 2.5233-+00 1.03533 1.02253 0.56498 0.69994 1.53483 0.47215
7 1.3450--03 2.6658-+00 1.03035 1.02205 0.58596 0.71940 1.50733 0.49175
8 1.5790-03 2.7556-+00 1.02443 1.02219 0.59872 0.73114 1.49123 0.50227
9 1.&180-03 2.8510-+00 1.02126 1.02112 0.61195 0.74265 1.47279 0.51497
10 2.0500"-03 2.8980-*00 1.01819 1.02033 0.61833 0.74824 1.46433 0.5202?
11 2.29301-03 2.9217"+00 1.01692 1.0211? 0.62152 0.75115 1.46061 0.52297
12 2.53701-03 2.9695*400 1.01512 1.02049 0.627?1 0.75651 1.451508 0.52905
13 3.0140"-03 3.0318+00 1.o01037 1.01995 0.63611 0.76344 1.44040 0.53552
14 3.4930-03 3.0914-.00 1.00814 1.0197q 0.64387 0.TTO04 1.43032 0.54275
15 3.9760w-03 3.1448--00 1.OC 30 1.0185q 0.65071 0.77540 1.41999 0.55005
16 4.4520'-03 3.2060-+00 1.00875 1.018,6 0.65846 0.79189 1.41004 0.55938
17 4.9430"-03 3.2460+00 1.00825 1.01775 0.66347 0.75580 1.40274 0.56481
18 5.4260-03 3.31221+00 1.00476 1.01657 0.67163 0.79217 1.33096 0.57223
19 5.9120"-03 3.4019"+00 1.00328 1.01676 0.69Z63 0.80123 1.37768 0.53349
20 6.3850*-03 3.4856"+00 1.001Z7 1.01551 0.69Z66 0.80872 1.36320 0.59401
21 6.85501-03 3.573"+00 0.99758 1.01533 0.70350 0.81733 1.34939 0.6U442
22 7.3380-03 3.6925-+00 0.99609 1.014:7 0.71653 0.82717 1.3155 0.61877
23 8.3030"-03 3.8497-+00 0.99418 1.013 ) 0.73461 0.84025 1.30827 0.63845
24 9.2680-03 4.1294--00 0.99196 1.01157 0.76516 0.86216 1.26960 0.67362
25 1.0030-02 4.3284-+00 0.99291 1.01011 0.73614 0.87680 1.24396 0.69985
26 1.0930-02 4.5073.-00 0.99376 1.01013 0.81259 0.89458 1.11199 0.73350
27 1.2510-02 5.1905"00 0.99503 1.007i3 0.87095 0.93114 1.14297 0.81061
28 1.4440"-02 5.8316-+00 0.9910 1.00533 0.9Z596 0.96434 1.07784 0.89279
29 1.63801-02 6.3608'+00 1.00C 2 1.002o 0.97401 0.95793 1.02878 0.96069

a 30 1.8330-02 5.6771+010 1.00003 1.000 C 1.00000 1.00000 1.00000 1.00000
31 Z.0250-02 5.8355.-00 1.00032 0.99741 1.01277 1.00514 0.98500 1.02078
3Z 2.2150"-02 6.8755-+00 0.99S47 0.99515 1.01596 1.00559 0.97969 1.02559
33 2.4110 -02 6.9155--00 0.99662 0.9925d 1.01915 1.00593 0.97421 1.02906
34 2.6050"-02 6.9155.00 0.99154 0.99014 1.01925 1.00458 0.97162 1.02518
35 2.7980-02 6.9615.-00 0.98403 0.9e733 1.02230 1.00503 0.96556 1.02426
36 2.9940"-02 6.9615-+00 0.98001 0.98T75 1.01290 1.00369 0.96298 1.02144
37 3.1560'-02 6.8755-+00 0.98033 0.98477 1.01596 1.00033 0.96948 1.01153
38 3.3700-02 6.9355-+00 0.96845 0.98502 1.01277 0.99880 0.97277 0.99448
39 3.5640-02 5.9840+00 0.85045 0.98451 0.94209 0.96165 1.04197 0.78490
40 3.7570-02 8.6486--00 0.45755 0.98460 1.14865 1.05981 0.85129 0.57000
41 3.9490"-02 1.0999"401 0.35822 0.90461 1.30369 1.11627 0.73314 0.54543

Lm



12E-12 9401-(-8

84010411 TAYLOR PROFOLE TASULA'T3N 51 PONTS, DELTA AT POINT 41

1 Y PT2/P P/P9 TO/TOO %/No U/uO T/T R/RD*U/U3

I 0.0000..00 l00001+0C 1.01092 1.03916 0.09000 0.00000 1.99516 0.00000
2 1.8000-04 1.6080'+00 0.99535 1.030'2 0.39791 0.52252 1.72531 0.30145
3 4.4460--04 1.6690"+00 0.99535 1.02929 0.41423 0.54102 1.70583 0.31568
4 6.1930-04 1.9773-+00 0.99535 1.02944 0.48390 0.61693 1.62539 0.37779
5 7.1900--06 2.2198".00 0.99535 1.029)? 0.52870 0.66Z66 1.57095 0.41936
6 8.1640"-04 2.4397--00 0.99242 1.02835 0.56510 0.69795 1.52546 0.45430
7 9.9700--04 2.7104--00 0.99505 1.02895 1.6061b 0.73641 1.47593 0.41647
8 1.2330"-03 2.9081".00 0.99565 1.0283 0.63416 0.76138 1.44146 0.52590
9 1.4T50--03 3.0914-+00 0.99333 1.02835 0.65839 0.73271 1.41115 0.55124

10 1.6390-03 3.1555"+00 0.99252 1.02841 0.66729 0.75963 1.40029 0.55969
11 1.8100-03 3.2205--00 0.99C30 1.02757 0.67569 0.7 632 1.39895 0.56776
12 1.9810"-03 3.2716--00 0.987)7 1.02763 0.69222 0.80177 1.39118 0.57351
13 2.3160"-03 3.3906"400 0.98504 1.02703 0.69715 0.91368 1.36224 0.58838
14 2.6490--03 3.4436".00 0.98342 1.02668 0.70369 0.81879 1.35390 0.59474
15 3.0620-03 3.5240-.00 0.9F514 1.02650 0.71349 0.92651 1.34190 0.60677

16 3.4660-03 3.5940--00 0.98858 1.02535 0.72159 0.93263 1.33036 0.61872
17 3.8780--03 3.6057"+00 C.99539 1.02546 0.72329 0.e3377 1.32884 0.62110
18 4.2870"-03 3.6648"o00 0.95757 1.02413 0.73028 0.83565 1.31878 0.62802
19 4.7680-03 3.7204-+00 0.98434 1.02353 3.73682 0.84341 1.31027 0.63393
20 5.1870"-03 3.7767.*00 0.98(49 1.023:4 0.74335 0.84818 1.30193 0.63877
21 5.6590-03 3.8334"00 0.97756 1.022q4 0.74988 0.35306 1.29410 0.64439
22 6.0750"-03 3.1334"00 0.9703 1.02239 0.74938 0.05283 1.293'2 0.64290
23 7.0570"-03 3.9651"+00 0.97190 1.02060 0.76462 0.96316 1.27369 0.65857
24 7.8600.-03 4.09961 0J 0.97P48 1.01964 0.77975 0.37360 1.25520 0.67544
25 8.7610"-03 4.1422-00 0.9710 1.018?9 0.78441 0.37666 1.24903 0.68153
26 9.6580-03 4.2803"00 0.97129 1.01768 0.74935 0.83664 1.23035 C.69396
27 1.0550"-02 4.3768"+00 0.97321 1.01533 0.90961 0.99300 1.21660 0.71435
28 1.1520-02 4.5556-+00 0.97412 1.0149, 0. 82523 0.90525 1.19451 0. 73824
29 1.2500*-02 4.7202"+00 0.97564 1.01343 0.8453 0.91569 1.17410 0.75091
30 1.3380-02 4.9178" 30 0.97655 1.012,0 0.8548 0.92159 1.16217 0.77447
31 1.4280--02 5.0500"00 0.97796 1.011. 0.37774 0.93578 1.13661 0.80516
32 1.5030-02 5.1905- 00 0.97918 1.01029 0.49127 0.94349 1.12061 0.82441
33 1.6000"-02 5.4328"+00 G.9879 1.00925 0.91414 0.5677 1.09544 0.95663

34 1.6900-02 5.5437"00 0.98251 1.00754 0.92441 0.9199 1.0897 0.87276
35 1.7780"-02 5.7589".00 0.9a453 1.00676 0.94400 0.97289 1.06211 0.90182
36 1.3760--02 5.9417".00 0.98716 1.00569 0.96034 0.98150 1.04457 0.92747
37 1.9660*-02 6.0211"-00 0.99020 1.00431 (.96T34 0.98468 1.03619 0.94093
38 2.0550-02 6.2085'+00 0.99323 1.00296 0.9S367 0.9928! 1.01876 0.96797
39 2.1360*-02 6.2464*-00 0.99596 1.00219 0.98693 0.99421 1.01481 0.97575
40 2.21808-02 6.3608-+00 0.99808 1.00114 0.99673 0.99886 1.00428 0.99270

2 41 2.3040-02 6.3991".00 1.03000 1.00030 1.00000 1.00000 1.00000 1.00000
42 2.39301-02 6.4818"+00 0.99990 0.99842 1.00700 1.0024 0.99175 1.01108
43 2.5810"-02 6.5206"+00 1.00051 0.99591 1.01027 1.00329 0.93624 1.01811

44 2.76101-02 6.5206"+00 1.00051 0.99373 1.01027 1.00216 0.98401 1.01896
45 2.9470-02 6.5206"+00 1.00121 0.99103 1.01027 1.00079 0.98134 1.02107
46 3.1280"-02 6.4818-+00 1.0091 0.99053 1.00700 0.99886 0.98391 1.01613
47 3.3220-02 6.4432"00 1.00293 0.99043 1.00373 0.99716 0.95695 1.01331
48 3.5070--02 6.3225".00 1.00960 0.99072 0.99347 0.99194 0.99694 1.00455
49 3.7000--02 6.2085".00 1.01799 0.9905 0.93357 0.98672 1.00622 0.99827
50 3.8850--02 6.13311+00 1.02305 0.99032 0.97713 0.98309 1.01223 0.99360
51 4.0710"-02 6.1331"+00 1.03013 0.99032 0.97713 0.99309 1.01223 1.00047
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M(inf): 2.25 upstream 8402
R Theta x l0-: 7

S 130 /TR: Appr. 1 CCF
Ejector-driven blow down tunnel with symmetrical contoured nozzle. Running time:

90 seca. W = I = 0.15 a. L = 0.496 m.

PO: 9OkN/n. TO: 300 K. Air. Re/u x 10-6: 11.

ARDONCHAU P.L., 1984. The structure of turbulence in a supersonic shock-wave/

boundary-layer interaction. AIAA J 22 1254-1262.

And: Ardonceau (1981), Data tables, P.L.Ardonceau, private counication.

1 The test boundary layer developed under ZPG conditions on the tunnel floor before
encountering an abrupt change in direction at the compression corner (X = 0) a distance

4 219 - from the exit of the nozzle, and 546 - from the throat. The compression ramps ran
the full width of the tunnel at angles of 8, 13 & 18 degrees to the tunnel floor. The
ramps extended for 80 m downstream. The 18" ramp had to be cut off parallel to the tunnel

3 floor from 60 m on to prevent blockage. "The undisturbed boundary layer was found to be
6 fully turbulent - - without any tripping". Wall pressure was found on lines 2 s either

side of the centreline at 2.33 mm axial spacing with tappings 0.5 am in dia.." - -
spanwise pressure measurements end surface flow visualisations revealed good transverse

5 uniformity over a 90 m centre part of the flow free from perturbations". Schlieren
observations on high speed film suggested that there were periodic structures present of

2 large lateral extent, which imply an associated unsteadiness in the position of mean flow
features.

7 Pressure profiles were measured with a FPP (shank die. 1.0 sm, flattened) and a static
probe (CCP, d = 1.0 m, 4 static holes 12 d from nose). A EMP (DISA 55P11), operated in
the constant temperature mode, was used to find the mesa-flow fluctuation intensity. The
length of all probes between the sensing wire or orifice and the mounting to the traverse
gear was 45 ma. A single beam LWV, measurement volume diameter 600 j, was used in the
forward scatter mode with six orientations to pick up, with a statistical fit, the velocity
fluctuations in the stremsise and the vertical directions. Mean velocities were also
recorded. The flow was seeded with a range of 1-3 p particles by a DOP (Diotylpthalate)
generator, to give about 3000 records/second. Data points were based on 1000 instantaneous
frequency readings clipped at the 3 a point.

8 The X-coordinate is measured in the direction of the tunnel axis. Profiles were measured
normal to the axis in the range -0.02 < X < 0.06 a, with NX = 7, 8 & 8 for the pressure
and hot-wire profiles. For series 01 & 02, these are matched by LDV profiles. For series
03, 9 sets of LDV data were supplied, of which 7 match the pressure profiles. The pressure
probes were aligned with the local well direction.

9 In reducing the Pitot data the author assumed constant total temperature. To obtain
functionally complete profiles from the data supplied, we have used the Mach number, the

12 velocity and the specific mess-flow values from the Pitot-static surveys, as forming a
self-consistent set, in principle representing the resultant velocity parallel to the
wall. We do not have the original wall pressure data, and have used values derived from
the profile data adjacent to the wall. The author notes that " - - the inclination of the
isobars is small near the wall - - ". In processing the LDV data for series 03, we have
set the author's scaling velocity UI equal to the upstream velocity reported in the Pitot
measurements for profile 0301.

13 We present three sets of profiles measured in turbulent boundary layers experiencing a
shock-veve structure caused by a compression corner. Series 91 is wholly attached, series
02 is on the point of separation, while series 03 has a small separation region in the
corner. The profiles cover the flow from upstream of the corner to about 8 undisturbed
boundary layer thicknesses downstream.

I DATA: 84020101-0308. Pitot and static, normal hot-wire profiles, NX 7 or 8. Single element
LDV profiles reduced to give both components of velocity and fluctuation intensity. Not
all at same values of X.
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Editors' comants:

This is a much quoted experiment, surprisingly sketchily reported in detail. The published

paper is written round the 18" case, with separation largely ignored. It is for this case

that we have the LDV data separately and normalised to an unknown velocity. The combination
of conventional profiles, UWP, LDV is attractive, and it is a pity that we have not been

able to make more of it. In this experiment there would be significant normal pressure

gradients, and the functionally incomplete LDV data is backed up by static pressure
information so that in principle there is no problem.

The 3uthor remarks that "the laser gives higher velocities than the Pitot tube", which

may be the case for the profiles cited in the source paper, for the 18" CCF. We do not
have data for this series in a form allowing direct comparison. For the other two series,
we find that in general the laser velocities, as shown above in figure 9.2.1, are about
3% lower than those derived from the Pitot profiles.

The MV profiles, and therefore the associated probe traverses, were made normal to the

tunnel axis and so are inclined to the test surface downstream of the corner. The fluctuation

measurements do not therefore relate directly t _ gynolds stresses in the usual boundary

layer axes. Unfortunately, the correlation for u'v' is only given for series 03, as it is

cequtred when rotating the otress tensor. It is probrbly reeaonabla to ignore the rotation

for series 01, the 8* case, but less so for series 02 at 13*. For the 18" case at least
there may be inaccuracies in the mean flow data resulting from static probe misalignment
in the same way as for CAT7904.

The shocks do not appear "sharp" in the pressure record, suggesting either an influence
of shock oscillation or of the response of probes adjacent to shock waves. The author

remarks on the images of "macrostructures" which can be seen in ultra high speed film,
principally as evidence of their ability to traverse the discontinuity, and these would

cause some degree of fluctuation. The mechanism of relatively large scale shock movement

and intermittent separation discussed in chapter 8 and 9.3.1 will also come into play.

There are relatively few points in each profile and in most cases the measurements do not
extend within the momentum deficit peak. It is for this reason rather than because of low

Reynolds-number effects that the upstream H12K value is 'n the high side.

The mean profiles are shown in figures 10.3.3-5, and the turbulence data in figures

11.2.20-22, 11.3.6. For this purpose a CF value was derived from the Fernholz (1971) skin

friction correlation for zero pressure gradient (fig. 10.3.6).

i
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14020!02 A9q033:4) ='AF LT ''JLAT2:N 01 P1i's 31LT6 AT PQINT 17

-T / P/P rj "T - .2/M" ' 7/T R/PD-U/U3

1 0.000 J".0 i 1.-4>4,". J 1 1 1. 4 4 3.09)7 0.,)00,)n 1.6435t 0.00040
2 1.0030"-03 _, 1.7"1. j I ." I?'. 2 59.37 0.71739 1.47951 0.4,023
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10 7.000'-03 174 32 . ''173 7.'u1,1 1.04435 03T15)4
11 7,5.0"-03 ". 7I37" 1.75' 30 25 0 .'9037 1.0399 0.94043
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84020102 Ardonceau Turbulence Data

X =-4.0000E-03 RHO_R = 1.8695E-01 U_R = 5.5200E+02

I 0 U (R )' U'2 v'2
UR RR UR UR2 UR2

1 1.0000E-3 1.3170E+0 7.1739E-1 5.5163E+0 3.7493E-3 8.9349E-4

2 1.5000E-3 3.8836E-3 9.2628E-4
3 2.0000E-3 1.5060E+0 7.8986E-1 4.6706E+0 4.0203E-3 9.2628E-4
4 2.5000E-3 4.2533E-3 9.1528E-4

5 3.0000E-3 1.6420E+0 8.3877E-1 5.4861E+0 4.0664%-3 7.2861E-4
6 3.50OOE-3 2.9932E-3 7,1886E-4
7 4.0000E-3 l.7,300E 8.8225E-1 5.5225E+0 2.5546E-3 6.1597E-4
8 5.0000E-3 1.9050E0+ 9.1848E-1 5.5034E+O 1.6467E-3 5.6320E-4

9 5.50009-3 1.9630E+0 9.3478E-1 6.1281E+O 1.0871E-3
10 6.00OOE-3 2.0200E+0 9.4928E-1 6.0477E+0 6.4325E-4 3.2819E-4
11 6.5000E-3 2.0610E+0 9.6014E-1 5.8528E+0 4.6475E-4
12 7.0000E-3 2.1020E+O 9.7101E-1 5.0120E+O 3.1519E-4
13 7.50000-3 2.1420E+0 9.8007E-1 4.7592E+O 1.9458E-4
14 8.00001-3 2.1810E+0 9.8913E-1 3.1052E+0 1.0292E-4 1.5625E-4

15 8.5000E-3 2.1930E+0 9.927E-I 2.3357E+0 1.10400-4
16 9.0000E-3 2.2060E+0 9.9457E-1 2.95380+0 1.1815E-4

17 9.50001-3 2.2190E+0 9.9819K-1 3.1934E+0 1.2616E-4
18 1.0080E-2 2.232CE+0 1.000E+0 2.0024E+8 1.3443E-4 9.2188E-5

D 19 1.10001-2 2.2330E+0 1.OOOOE+O 6.7475E-1 1.4296E-4
20 1.2000E-2 2.2340E+0 1.O000E+O 9.6439E-1 1.5175E-4 1.0292E-4
21 1.3000E-2 2.2340E+0 1.O000E+O 6.8668E-1 1.1424E-4
22 1.4000E-2 2.2340E+0 1.O000E+O 4.4783E-1 8.2047E-5 8.2047E-5
23 1.500(E-2 2.2330E+0 1.00000+0 4.47400-1 8.2047E-5

-0320510 3 A~ ,1 !L' 'Al,:..fl" -N - , _L T A1 A ', Ist TJ

1 00.U".Ol .4 ", U l .451C '3.3. . 0 .ot' 1.1124 O. 00 r) 0
2 1.0091 1.12."*.' .4 , 4 1.7+591 5.n3339
3 2.0300"-CS .113 1. 1',1)"P. I8 1.+7.4 ~. ol 26 +0
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84020103 Ardoncau ?urbulence Data

I - 4.00001-03 R80_8 - 1.8695E-01 U-8 * 5.52001-02

1 y K U (u) 0U2 V'2
UK R UK U82 UR2

1 1.01000K-I 9.52001-1 5.5415K-1 4.4319K+0 8.8401K-3 2.5546K-3
2 1.58001-1 1.0888K-2 1.4611K-3
3 2.0OO00-3 1.16601+0 6.5580K-1 8.3031+0 8.7721K-3 1.4890E-3
4 2.5000K-3 7.0657K-3 1.7361K-3
5 3.0000K-3 1.39108O 7.4819K-1 8.55091+0 4.8141K-3 2.2873-3
6 3.5000K-3 3.79381-3 2.1340K-3
7 4.0000K-3 1.58301+0 8.1884K-1 8.0163K0 3.3397K-3 3.0131-3
8 5.00009-3 1.7860K[0 8.8406K-1 6.3997K+0 1.8746E-3 1.7664K-3
9 5.5000K-I 1.89501+0 9.1667E-I 5.464310 9.93622-4
10 6.0000K-3 2.00801+0 9.4746K-1 4.91701+0 3.8992K-4 5.54641-4
11 6.500K9-3 2.08201+0 9.6739K-1 4.4233,0 3.15191-4
12 7.00001-3 2.15901+0 9.8551K-1 4.3104K+0 2.48411-4
13 7.5000-3 2.24101.0 1.00161+0 3.25291+0 2.8956-4
14 8.0000K-3 2.3290140 1.02361+0 2.92841+0 1.38661-4 8.8742K-5

D 15 8.5000K-3 2.34001+0 1.02541+0 2.96241+0 1.2212K-4
16 9.0000[-3 2.3201+O 1.02721+0 1.95701+0 1.0663-4
17 9.S0001-3 2.36301+0 1.02901+0 1.96301+0 9.5699K-5
18 1.000O1-2 2.3740 +0 1.0326E0 1.4216E+0 8.2047K-S 8.2047E-5
19 1.10001-2 2.17801+0 1.03261+0 5.7229K-1 1.0663-4
20 1.20001-2 2.38101+0 1.03441+0 6.8103C-1 1.38661-4 8.2047E-5
21 1.30001-2 2.38101+0 1.03441+0 1.22591+0 1.3866E-4
22 1.40001-2 2.38101+0 1.03448+0 1.224610 1.3866E-4 9.9217E-S
23 1.50OOE-2 2.380OE0 1.03441+0 1.23931O 1.38660-4

04020107 Dr)J 450190043 2 TO lOLA Thi. -1 *1 I'S, O LTr AT '3 5! I

1 y 072/P ,./p I TlT - PIt T/3 7/7T R/''U/uj

I 0 . 0 0 + 00 1 Q'0 j7"i5 1Zt?33 0.';?. 0.'f: A .)l 1. 24 13 .0 , j0
2 1.000)7-03 2.1 30"'i 1. 41:3 i. 1 . 5,.1 .1 6, 1. 3 . 3 2 0.4 3T j
4 3.0208 0"-03 2. '; 3 13 0 1.0 ; C l .0 T' 3.4 I5I 0.75s . )0 1.2rq1 2 0.6 % 31

5 4.0400-03 2.95 '2".u 1 . I4- 6 1.'7" - ).T1 )4 C .4 Aj0 1.2,1.9 J.67153
6 5.0G00O.33 3.43il---n 1.1.5 Th 1 .174,4 ). " q 5 46)0 1.371i5 -). 7 1-J47 5.5000"-03 3 j 6"-*jJ i. 51Z" 1! 1.004 . 0. 4 7 0.,3,' 1.1-141 0.7231
8 6.0U00"-03 3. 91s1.3. V' 1. 1-153 1.00 1 O. 3!1 C . '5 1 .1 1115 A..'31
9 6.50u"-03 4.1106"730 1.0;730 1.2:2-. C.9 AI30 O.G 0. , )io 1.017.;1 G.9u763

10 7.0v00"-03 '.34S)" 00 1.41i1 F1 a . .4. , 2. $ :.5 0 . 56')0 l.0".618 0.91.239
11 7.500 J"-03 4. S .1"+)0 1.ri4 -7 1.5 0

-
5 

3 .'  
C. 9 nt2 e3 0. q2( ') 1.0.43j 0.9.4,4

12 8.0D05"-03 4.1753-.+0 1.01322 1.0::. C.' .4 4 0. , 1.019tg 0.9772
13 8.530'J-03 4. 14 1 ) U 1.1i' 1.'O . ., I .);. . o I 1 . 7 C,, '. q is 6 42
14 9.0000"-03 4. 9113"+j0 1. .5) 0.Qf1 )7, Q 0.>I+.jC 1.01,411 0 . '94 13

7 15 9.5000-03 4. 4d 302'o 1.0012. 1.00- 1. .00 1 0 ), .33 1.0)0aO
16 1 .0.0)7-22 5.0S. 3"j .9 5 '3 0 .s9- 1.0I2+3 1 . A74-10 
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2
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1  
1 .0,74-

17 1.1 U0"-32 5.097--, 0 5.91-444 0.9 3- 1.0115 1.07).0 4)39 5 1.C.4519
19~~~~~ ~~ 1.80-I %17+ )7h1 S9) )1, .0j3.0 J.9,730 1.0.3s,-

19 1.3vo.17-)2 5.I11,7"*j0 J.9Th,7 . 9'S.5 1. .. '" 1.7) 0.1)339 I.3j5o6
20 1.4000"-,72 5. ' 117"+'.j C.3%47 3.A'51 1.3'+ 2.1), 0.93 i ,1 1516
21 1.56341-12 1i. I 1 T5 7 1. 1 C7
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84020107 Ardonceau Turbulence Data

X - 6.00001-02 880_8 - 1.86951-01 U_R - 5.52001+02

1 y 9 (RU) U'2 V'2
U0 RR U U2 UR2

1 1.00001-3 1.05301+0 6.01261-1 6.12231+0 6.58691-3 1.39271-3
2 1.5000K-3 7.0962K-3 1.5312K-3
3 2.0000K-3 1.15501+0 6.50361-1 8.50101+0 7.94421-3 1.64671-1
4 2.5000E-3 8.17191-3 1.5170K-3
5 3.00001-3 1.25801+0 6.95651-1 1.06121+1 9.11471-3 1.5170K-3
6 3.50001-I 8.80811-I 2.5112K-I
7 4.00001-3 1.37401+0 7.42751-1 1.2551+1 7.84761-1 1.5030K-3
8 5.00001-3 1.50701+0 8.56881-1 1.31581+1 7.78361-3 1.20981-3
9 5.50001-1 1.56901+0 8.11411-1 1.14851+1 5.90001-1
10 6.0000C-3 1.62801+0 8.33331-1 1.42821+1 4.25331K- 8.93491-4
11 6.50001-3 1.6"901+0 8.49641-1 1.17921+1 2.8949K-3
12 7.00001-3 1.72801+0 8.65941-1 1.16481+1 1.79701-3
13 7.50009-3 1.77601+0 8.8041-1 9.74248+0 9.48461-4
14 8.00001-3 1.82301+0 8.93121-1 1.13021+1 3.75741-4 2.6583-4
15 8.50002-3 1.81701+0 8.955S1-1 5.50361+0 3.21661-4
16 9.00001-3 1.85201+0 9.00361-1 6.49741+0 2.65831-4

0 17 9.5000K-3 1.86701+0 9.05801-1 5.15291+0 2.20671-4
18 1.00008-2 1.88201+0 9.09421-1 4.70761+0 1.74891-4 1.14241-4
19 1.10001-2 1.8801+0 9.1123-1 1.66908+0 1.74891-4
20 1.20001-2 1.89401+0 9.13041-1 1.04761+0 1.74891-4 1.0663-4
21 1.10001-2 1.89401+0 9.1123-1 1.14S02+0 1.22121-4
22 1.40001-2 2.89401+0 9.11211-1 1.08951+0 8.2047K-5 6.64581-5
23 1.50001-2 1.89501+0 9.1121K-1 1.14241+0 8.20471-S
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84020303 Ardonceau Turbulence Data

X --4.00009-03 8.0_R - 1.85353-01 UOR - 5.5300E+02

I y N 13 (RU) U32 V'2 -I~vY
138 8R 138 02 382 1382

1 1.00003-3 2.62001-1 1.64561-1 -3.14839+0 2.53733-2 1.94303-3 2.26793-3
2 2.00003-3 2.30003-1 1.44673-1 3.51029+0 2.7656E-2 2.21701-3 2.0431E-3
3 3.00003-3 5.31003-1 3.27311-1 6.39393+0 2.90053-2 2.40973-3 1.60583-3
4 4.0000Z-3 8.35003-1 4.95481-1 9.09723+0 2.3188E-2 2.21703-3 1.29773-3
S 5.00001-3 1.07003+0 6.13023-1 1.13541+1 1.54323-2 1.94303-3 1.24303-3
6 6.00001-3 1.24503+0 6.90781-1 1.7123E+1 8.86803-3 1.6871E-3 1.5394E-3
7 7.00003-3 1.45003+0 7.72153-1 1.4894E+1 4.24033-3 1.3007E-3 1.4467E-3
8 8.00003-3 1.63403+0 8.37251-1 1.32073+1 3.1474E-3 1.16023-3 1.36821-3
9 9.00003-3 1.73709+0 8.69803-1 1.2612E+1 9.64483-4 1.02773-3 1.01153-3

10 1.00003-2 1.83603+0 9.00543-1 7.46833+0 1.30073-3 7.86843-4 8.0021E-4
11 1.10003-2 1.91903+0 9.2405E-1 7.22953+0 9.64483-4 7.3164E-4 5.8214E-4

O 12 1.20003-2 2.01003+0 9.4937E-1 1.17943+1 6.27263-4 7.3164E-4 4.5592E-4
13 1.30003-2 2.03503+0 7.7777E+7 7.77773+7 2.25813-4 7.316#3-4 3.9427E-4
14 1.40003-2 2.06503+0 7.77773+7 7.7777E+7 4.42603-4 3.6231E-4 1.6138E-4

84020305 Ardonceau Turbulence Data

X - 1.20003-02 8808R = 1.85353-01 13_8 - 5.5300E+02

I y m 1 (R13)' 132 V'2 -0V.
138 RR 18 1382 082 082

1 1.00001-3 3.19001-1 2.00723-1 5.64233+0 2.0237E-2 6.58483-3 7.64193-3
2 2.00003-3 4.06003-1 2.5316E-1 6.46153+0 2.47383-2 7.9497E-3 9.99883-3
3 3.00003-3 5.59003-1 3.43583-1 8.05653+0 2.73243-2 8.4946E-3 1.1381E-2
4 4.00003-3 7.7100z-1 4.6293E-1 9.95803+0 2.5054E-2 6.42323-3 8.49953-3
5 5.00003-3 1.00 CE+0 5.82283-1 1.34963+1 1.99533-2 5.34833-3 7.02463-3
6 6.00003-3 1.16903+0 6.5823E-1 1.84283+1 1.4212E-2 4.5052E-3 6.16143-3
7 7.00003-3 1.31703+0 7.2152E-1 2.1737E+1 6.58483-3 2.8192E-3 2.9169E-3
8 8.0000E-3 1.44803+0 7.72153-1 2.00983+1 3.49363-3 2.1237E-3 2.13003-3
9 9.00003-3 1.56903+0 8.15553-1 1.53263+1 9.03263-4 9.64463-4 5.46953-4
10 1.00003-2 1.68303+0 8.5353E-1 1.1809E+1 3.6231E-4 7.3164E-4 3.06343-4
11 1.10003-2 1.70503+0 8.6076E-1 5.62663+0 4.4260E-4 7.3164E-4 3.4143E-4

D 12 1.20003-2 1.72703+0 8.66183-1 3.51083+0 3.62313-4 6.2726E-4 3.68033-4
13 1.30001-2 1.73803+0 8.69803-1 2.76223+0 1.96713-4 5.3091E-4 2.0424E-4
14 1.40003-2 1.74903+0 8.73423-1 2.84533+0 1.9671E-4 5.3091E-4 2.3042E-4

84020307 Ardonceau Turbulence Data

X = 3.60003-02 880_1 - 1.85353-01 138 - 5.5300E+02

I y m 13 (813) 132 V'2 -138
1 88 138 132 1382 1382

1 1.00003-3 5.76003-1 3.54433-1 6.13203+0 1.9391E-2 3.85793-3 4.80033-3
2 2.00003-3 6.61003-1 4.03253-1 7.33733+0 2.0811E-2 6.1060E-3 6.1549E-3
3 3.00003-3 7.78003-1 4.66551-1 9.69613+0 2.08113-2 5.95053-3 5.60863-3
4 4.00003-3 9.08003-1 5.35263-1 1.04083+1 1.93913-2 6.10603-3 5.75623-3
5 5.00003-3 1.04503+0 5.96753-1 1.61093+1 1.49383-2 3.37623-3 2.6986E-3
6 6.00003-3 1.14003+0 6.45573-1 2.07463+1 9.83653-3 1.60583-3 4.8884E-4
7 7.00001-3 1.27803+0 7.05243-1 2.24763+1 6.58483-3 1.30073-3 9.07233-4
8 8.0000E-3 1.40003+0 7.54073-1 2.59843+1 2.61043-3 1.09293-3 4.45923-4
9 9.00003-3 1.48603+0 7.8662Z-1 2.15433+1 1.2294E-3 1.02771-3 4.46253-4
10 1.00003-2 1.56901+0 8.15553-1 1.63811+1 5.30913-4 6.78453-4 2.1126E-4

D 11 1.10003-2 1.58703+0 8.22783-1 1.46373+1 2.56933-4 4.85753-4 7.34813-5
12 1.20003-2 1.60503+0 8.28213-1 6.55183t+0 1.69611-4 3.62311-4 6.22213-5
13 1.30001-2 1.59503+0 8.24593-1 7.28443+0 3.25173-4 4.85753-4 1.76863-4
14 1.40003-2 1.58502+0 8.2098S-1 2.02463+0 3.62313-4 4.42603-4 2.34263-4
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: (peak value) 0.9 to 1.82 8501
R Theta x 10-3: 16 upstream

,,TW/TR.: Appr. 1 QNS
Blowdown tunnel with symmetrical convergent nozzle. Running time: 30 secs.

w = 0.114, H = 0.063, L = 1.4 m.

PO: 160 kN/m
2
. TO: 290 K. Air. Re/m x 10-6: 20.

LIU X., SQUIRE L.C., 1988. An investigation of shock/ boundary layer interactions

on curved surfaces at transonic speeds. J. Fluid Mech. 187 467-486.

And: Liu (1985), Liu & Squire (1985). L.C. Squire, private communications and data

tables.

1 The test boundary layers were formed on the floor and ceiling of the wind tunnel. Five
circular arc models of chord 80 am could be mounted in the tunnel floor to form "bumps"
with radii of 401, 268, 163, 104 or 73 ma. The origin X = 0 is set at mid chord, the
maximum height of the bump, 708 mm downstream of the start of the flat pert of the floor.
The back pressure of the mean flow was controlled by a second throat formed by an
adjustable incidence aerofoil, and the authors specify a configuration by the bump radius

3 and the aerofoil incidence. Transition was natural, and the tunnel floor was set to diverge
at 0.3* to counter boundary layer growth. The flow approaching the test area is subsonic,

2 so there are no incoming standing waves. The flow accelerates over the bump and at
sufficiently low back pressure it is retardee by a shock wave, the X-positions of the
peak Mach number, as indicated by the wall-pressure minimum, separation and reattachment
being as below:

Series M(Peak) Separation Reattachment

01 X(M) 21 23 62

02 39 45 90

03 15 18 56

04 27 ....

06 9 30 46

06 3 - --

These being for a bump radius of 163 am and incidences of 8.75, 9 and 9.5 degrees, odd
2 numbers on the floor, even numbers on the flat roof. No oscillation of the shock could be

detected in schlieren studies, though there were small movements of the interaction foot
on the flat upper surface for incoming Mach numbers close to one. The test zone extended

5 over the range -60 < X < 215 ma. Three-dimensional effects were assessed in the light of
the results of surface oil-flow patterns, interferograms, pressure distributions on and
off the centreline and a momentum balance based on profile measurements on the centreline.
(See 15 below.)

6 The wall pressure was measured in great detail from a point well upstream of the bump to
X = 132 sm, at 45 stations along the centreline in the range -60 < X < 132 ma, for both
the floor-with-bump and the flat ceiling, for the greater part at 3 mm intervals."Only a
few measurements of pressure distributions off the centreline were obtained - -."

7 Pitot profiles were measured with a single FPP (h, 
= 
0.18 me). A survey of the entire

density field was also obtained from laser holographic interferometry, supported by
8 schlieren photographs. Profiles were, in general, measured upstream of the interaction

and in the recovery region downstream. In several cases, some were downstream of the
region covered by wall-pressure measurements (X > 132 ma). There are no profiles in the
separated zone, but 0204, 0303, 0403, 0502 and possibly 0602 appear to be in the zone of
upstream influence, being close behind M(peak).

9 The authors have set the static pressure equal to the wall pressure and assumed
12 isoenergetic/Crocco total temperature profiles. The editors have chosen to present six

series of profiles drawn from three configurations using the same "bump', with radius
14 163 m. These configurations provided the longest sequences of profiles. The wall pressures

for these profiles are given in Section D. The editors have set the wall-pressure values
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in the profile tables at the profile value closest to the wall. These differ slightly
from the pressure values in the wall tables. There in a slight scatter in the profile
pressure values as a result of rounding errors in the dta ans received. The wall temperature
has been set at 290 K as representative of the values recorded in the wall-pressure runs.

No value is given in association with the profiles.

The original data include profiles for a further ten configurations (20 series, 103

profiles) and information of some sort for 68 configurations, 53 of which have wall

pressure surveys and holograms. The editors have accepted the authors' assumptions and

data reduction procedures.

S DATA: CAT8404 0101-0606. Pitot profiles, NX up to 9. Wall pressures, NX = 45. Support
from holographic interferometry.

15 Editors' comments:

The experiments as a whole cover a wide range of quasi-normal shock/boundary-layer
interactions on surfaces with systematically varied radius of curvature, and over a
substantial range of Mach number. This is exploited in an account of the influence of
wall curvature on the type of separation which occurs (source paper fig.14). The series
presented here are those for the bump of 163 ma radius with second throat settings of
8.75, 9.0 and 9.5 degrees. Series 01, 02 and 03 are on the floor, with the bump, while
series 02,04 and 06 are on the flat ceiling. Each has at least one profile upstream of
the interaction and several downsL,-eum. A calculation of the boundary layer developmeoL
using the given wall pressure distribution will probably require a model of the shock
structure, which would be much assisted by access to the holograms in the data report.
Comparisons may be made with the studies by D"lery at al., reported as CAT8002/3T above.

The profiles are given in relatively fine detail, but, upstream, where they have strongly
accelerated characteristics, do not approach the wall within the momentum deficit peak.
For the greater part, they should not be severely affected by normal pressure gradients,
but, by analogy with the ONS flows in CAT8002/3T, we would expect significant effects
where the profile is close to the interaction. We do not find fictitious PO variations
here of the type observed for the ONERA data (80030102 - 7, 0204 - 5, 0302 - 5) because
in this case the velocity has been deduced assuming P constant, as opposed to calculating
P0 from measured velocities. We cannot therefore attempt any quantitative estimate. The
profiles most likely to be affected are 0204, 0303, 0403, and 0502. Integral values for
these profiles should be viewed with suspicion. Additionally, profiles taken just ahead
of a shcck are likely to suffer from probe-shock interactions. These may affect 0103,
0204, 0302, 0403 and 0502 over at least a part of their traverse.

A QNS flaw of this nature is very susceptible to three-dimensional effects, particularly
in separated cases, and we consider that it should only be considered as two-dimensional
in the restricted sense implied by § 9.3.2 above. The authors' coment on their assessment
is: " Taken together, these results suggest that for attached flows and for flows with

small regions of separation, measurements along the tunnel centreline are representative
of two-dimensional flow over the bump surfaces. However, in flows with larger regions of

separation, the flow in the separation region is clearly affected by the presence of the
walls and in particular by the shock interaction with the boundary layers on the side
walls. Even in these cases the measured boundary layer development well down of reattachment

satisfies the two-dimensional momentum integral equation". Reference is made to measured
skin friction in this connection, and values are presented in figure 18 of the source
paper. The values shown by open circles are for series 03 as presented here, and are the
values also shown in the 1985 paper (fig. 10). These are based "on a fair fit to the law

of the wall". Figure (10.4.6) shows these profiles in wall law coordinates, using the CF
values of the source paper. We do not feel that the fit is good enough to justify
presenting CF values as data, and in corr, , ience the second author has stated "My own
view about the boundary-layer profiles is nat they provide valuable data on boundary

layers through complicated interactions, b-" '1 it we do not have reliable skin-friction
coefficients to go with them".
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CIT 8501 LtU/QUIqE 3UNOAR CONOIrTINS AND EVALUATED DATA, ST UNITS

RUN R0 TW/TR RE02W Cp "12 H12K P. PD.
X POD 0W/P0* "ED20 C4 M32 H32 T4* TO
R0 Too TAU 02 P22 42 02K U3. TR

80010101 1.0970 1.0216 4.8294'-03 3.4800-03 1.7129 1.2331 6.7720.04 6.7727""04

0.000.00 1.4406*05 1.0000 5.7396""03 '4 1.9109 1.9996 2.9000-02 2.3351--02
INFINITE 2.0971.902 1.9052--32 2.S665--04 N9 0.0211 2.6633"-04 3.3610"-02 2.03817'02

85010102 1.2620 1.0239 4.4595'-03 3.310 -O s 1.84636 1.2451 5. 112".O 5.5172 "04

1.2000--02 1.4522--05 1.0000 1.5576".03 N 1.9080 1.9055 2.9000-*0z 2.2035"02
INFINITE 2.9054"402 2.0361'*32 2.4563w-06 N4 0.0396 2.5400-04 3.7560--02 2.83246.02

85010103 1.3230 1.0313 4.2199--03 3.1113-03 1.9733 1.2677 5.0930-.04 50.430. 06
1.8000-02 1.4562--05 1.0000 S.3890"t03 Nq 1.0977 1.813? 2.9000.2OZ 2.1394".02
I9FNTS 2.0B86 02 1.9414-*02 Z.3648"-04 N" 0.0313 2.5131--04 3.8800"02 2.4107"0Z

85010104 0.6110 1.0100 0.T946604 1.8733--03 1.7238 1.4439 9.3519.-06 9.3919'-04
1.1400-01 1.4413--05 1.0000 3.0749-04 N" 1.7209 1.7189 2.9000"-02 2.569r.02
INFINITE 2.90644-02 8.0659-01 1.9256'-03 N- 0.DZL7 1.6091-03 2.6060--02 2.0712--02

0000100 0.0060 1.0068 2.6695-*04 2.437-03 1.5621 1.2970 9.44340*04 9.643-1"02
1.6429-01 1.4452n.05 1.0000 2.9255"-04 N 1.?946 1.7933 2.9000-02 2.5315-*5
INFINITE 2.9152.-02 1.0399',lZ 1.4595-03 44 0.0146 1.5209"-03 2.5900-"02 2.8805-02

85010106 0.8040 1.0091 2.6813- 04 2.5761.-03 1.5042 1.2491 9.4437-"04 9.4437-04
2.1460-01 1.4453--05 1.0000 2.94394-04 N-1 1.0244 2.8232 2.9000-02 2.5755.-02
INFINITE 2.90605"02 1.1008-32 1.4642-03 N9 0.014 1.5171--03 2.5370-02 2.6734.-02

85010201 0.9360 1.0137 6.6069*03 3.3800-03 1.5719 1.228 6.3709--04 8.3701-04
0.O0000--00 1.4730-,05 1.0000 7.5$54-03 N4 1.8091 1.34?1 2.9000'-02 2.4727-*02

INF[NITE 2.9060--02 1.7351".32 3.4672"-04 NA 0.0174 I.5836-04 2.9500lG02 2.4609""02

85010202 1.0240 1.0176 6.7297"03 3.3612"-03 1.6372 1.2210 7.700J".04 7.T0710*00
1.2000-02 1.5009.0Ss 1.0000 7.3230"i03 NA 1.g941 1.9930 2.9000*02 2.3)90-02
INFIN1TE 2.9021--02 1.9018"02 ).411704 Nq 0.0096 3.5431.-04 3.1300-.02 2.949S*"02

95010203 1.0950 1.2125 3. 8659'03 3.717r9-03 1.7133 1.2503 6.4771'-04 6.8779"04
2.7000--OZ 1.4595*05 1.0000 4.S590"03 N9 1.)213 1.9224 2.9000"-02 2.3576"-02
INFINITE 2.9Z30*02 2.1462-*52 7.03631-04 N 0.0359 2.1315-04 3.3710"02 2.8542"*02

85010204 1.2230 1.0159 4.1568"03 3.5700--03 1.9211 1.2333 5.830Z-"04 5.8302".04
4.2000 -02 1.4571--05 1.0000 5.0899-*03 N4 1.9239 1.9227 2.9000"02 2.2S11. 02
INFINITE 2.0245-02 2.1792--02 2.2590-04 N 0.0450 2.j50-0Q. 3.6790-.0

2 
2.0645.02

05010205 0.8130 1.0044 1.2696"*04 2.0336-03 1.7002 1.4231 9.3916".04 9.3916"04
1.0200-01 1.4$03--05 1.0000 1.4132"-04 N 1.7497 1.7470 2.9000*02 2.581002
INFIN2TE 2.9220*02 8.0365".51 7.0109"-04 N 0.01O0 7.3620"-0. 2.6190"02 2.8070""SZ

00010501 1.0920 1.0206 6.4440"e03 3.1709'-03 1.7016 1.2376 6.7636'"04 6.7638"04
0.0000.00 1.4299+05 1.0000 S.3037".03 89 1.9165 1.9152 2.9000-.02 2.3230"*02
IFINITE 2.8770"-02 2.0205-.02 2.3695-04 MR 0.0416 2.4518"-04 3.33T0"*02 2.8194-"02

85010302 1.2590 1.0278 4.0957.03 3.5122--03 1.8563 1.2370 5. 52750I 5.270"06
1.2000--02 1.4491.05 1.0000 5.1157-"03 N+ 1.9229 1.9212 2.9000"*52 2.175"02
INFINITE 2.8941-.02 2.1541-.02 2.2540--04 N 0.0470 2.35004-04 3.7420-+02 2.8217*02

85010903 1.2070 1.0260 6.0050-*03 2.8390"-03 1.8450 1.2563 5.8500-04 5.0850004
1.8000"-02 1.4316'.05 1.0000 7.3794-.03 N 1.9813 1.8770 2.9000-02 2.2413"02
INFINITE 2.8943--02 1.7235'-02 3.204"-04 NK 0.3392 3.4304--04 3.6230-"02 2.02s4"*02

05010304 0.7010 1.0078 2. 0201.04 2.0152--03 1.6317 1.3R40 9.6456-00 9.6456-"04
1.1400-01 1.4451.*05 1.0000 2.7599-04 N4 1.7487 1.7472 2.9000r02 2.540'02
INFINITE 2.9104"-02 4.1231".31 1.3954-03 N9 0.0188 1.4596"-03 2.522002 2.8775-02

0501030 0.?60 1.0098 2.4655"+04 2.3314.-0 1.5721 1.3230 9.6680"*04 9.6680"04
1.3900-01 1.4395.05 1.0000 2.6930""04 89 1.7603 1.7194 2.9000902 2.5922 02
INFINITE 2.9044--02 9.7058-*01 1.3669--03 N4 0.0233 t.4237w-05 2.5050--02 2.ST?7 0

85010306 0.760 1:0090 2.5809*04l 1;.1051"-03 1.5405 1.2901 9:620.101:04 9:.117"*04
1.4620"-01 1:1'84''..05 1 .000 Z.0231*-04 Nq1:7991 1.T962 .00" .B6" 02
INFINITe 2.90?3m*02 1.0321--02 1.4193"-0 3 aq 00130 1.4738--03 ?.S350m*02 2.8741'-02

6501030? 0.?730 1.0124 2. 2070 04 2.722-03 1.4709 1.2839 9.71031.04 9.7103" 04
Z.1460-O1 1.4415-.05 1.0000 2.5018 R0 9 1.0 '30 1 2.9000 2.534"02
INFINITE 2.a966.-02 1.1064602 1.2662"-03 88 0.0140 1.3063-03 2.4930""02 2.866S' 02



12(G-4 -H-2
2

CAT 8501 LIU/SQUI0E 3OUNDAPY C3MNJITINS AND EVALUATED 3ATA, SI U'41TS

R0N NO S T/TR OED02 C * 912 1 PW PD.

K . P0D PW/P1, 8029 CO '32 $E21 T,. TJ

R8 TOO T U 32 P12 942 .20 U0. T

85010601 0.9040 1.0181 E.1242"03 3.3709'03 1.0631 1.231 1.61::04 8.6164'.E4

0.0000%9o 1.47T3=00 1.0000 8.0503"03 NI 1.0811 1.8002 0.9000.02 2.4 46".U
INFINITE 2 .0907'*0. l.62T0'. 2 0. 602-24 5 0.0095 3.8104-04 2.805700l2 .

R

505*

95010602 0.9100 1.0191 7.1213:-03 3.370"-03 1.5705 1.2379 0.5s11".l' U.5,11.
0
6

1.0000-00 j.4747"405 1.0000 8.0795"s09 N 1.078 1.8770 0.90100U0 2.4721.00

,NFINT0 2.80E0 l.644932 3.6808-04 N4 0.30259 3a112"-04 2.4 0 940 .3S5U2

85010603 0.450 1.3176 0.065 7"U3 2.7753'-03 .70 1.2771 9.10211::04 t137:04

2.7000-02 1 4T01405 1.0000 9.6613.03 NI 1.5432 1.0413 2.9U00*E20 0 .5266..02

ZFINITE 2.078402 1.2701-02 ..570 
- 0

4 N4 0.0119 l.742'-0 .6930'*02 2.Ua93"t02

85010604 0.7890 1.0000 1.0939:04 2.3103-03 1.596k 1.3313 9.7161::04 9.7461"*U4

5.70035- 1.46 6 -05 1.0000 2142 0 4 N 1.0039 1.8016 2.9030"02 2.574"02
INFINITE 0.76 002 9. 50 .31 S.9099-04 9 0.037 6.169-04 3.5300..02 2 -.31.0

85010605 0.7690 1.0168 1.001 .U' 2.o913 -03 1.9015 1.3461 9.937 4*:4 9. T4"'41

7.000!-02 1.4696o00 1.3000 1.3162"*04 99 1.7917 1.7i9. 0.90000 2.0Td
7

2,02

INFINITE 2.0839'02 0. Z609"01 5S5. _"-04 N1 0.0120 4.777 -0 ,.77160 2 2-as2 *02

85010606 0.7560 1.316a 1. Z636::04 2.4;4)--03 1.5648 1.3192 1006 S05 1.0 
6

"0
5

1.0Z00 -0 1 1. 700 t05 1.0000 1.3a 2. 0 4 N I 1.8007 1.7991 0.9000 02 .-5471 :0 2

INFINITE 2.827t00 1.0063*2 5o9005-04 NI 0.3165 7.1627"-04 0.4381412 2.012*02

85010401 0.9350 1.01817 .7642 03 3.3518"-03 1.5738 1.2307 .37 I'14,"4 3.745".0

0.0000.00 1.471 905 1.0000 7020"*03 NI 1.9046 1.8175 2.9000 U01 2. 4110INFINITE 2.891*.502 1.7177"+32 3.5014-04 N9 0.0231 3.62291--. .1 0 2.86 3.02

850104 0 1.0200 1.0199 7.2176".03 3.1027-02 1.6552 1.2901 1.7201".04 7.1,1 4

1.200d--02 1.4 976 - 0 0 .00 0 . 970" .0 9 N I 1. 7 0 1. 7 1 7. 00 3 02 2. 33t7 .* 0 2

INFII E Z.4053-02 1.7463'-03 3.636201-04 N4 0.3155 3.8198 -04 3.160"02 . Io3.. 02

85010603 1.0030 1.0171 '.3030"03 3.5010-03 1.7016 1.-411 6.950'C: 1 .;70r.00.

0.7000-02 1.553"*05 1.)000 5.075903 NI 1.1115 1.9104 2.00U*02 2MU ,a' 122

INFINITE 2.90N8*02 2.0575 .2 2590"-.4 4 0.3137 2.3395-04 3.3330-02 .o51 0+

05010404 0.000 1.009 9.0535.03 2.0730"-03 1.7094 1.3714 0.6102.04 4.67G' 4
*.095-0 1D66*5 .000 1.051.34 N 1.901 102 .00.2 25,r2

INFINITE 0.N9160_402 1.02 6"'j2 _ 73530'0 N 4.24 4.9',63--04 2.84)43.02 2.8735-~02

8)010400 0.800 1.0038 1.0996" C 1.EZ64-13 1.5904 1.36 9.03.*0
*  

9.0 jJ"+04
D.7000 -02 1.697405 1.0000 1711 .835 1.7745 2.9000".02 0.0,1'*c
INFINITE 2.90034*02 0.042 '21 5.6011"-04 N1 0.0396 5.0'02 -0''.75042 +02 2.U091" 72

09010406 0. 00 1.0046 I.37 02"0 2.1393-03 0.5320 1.3635 9.6247.*0. 9.6247w+04
.0 0 0 -0 1 1 .7 010 5 1 .0 0 0 0 1 .5 0 9 0" 0 4 5 1 1 . 7 8 1 .7 7 0 4 7. 0 0 3 0 2 :. TI9 4'0 2

I N F I N I T E . 2 1 4' 0 2 9 .0 0 4 " 1 7 . 0 5 0 -0 4 9 1 0 . 0 1 0 3 7 .7.1 9.- 0 4 _. 57 3. 06 N. 487740 00

05010501 0.0910 0.0137 912A'.03 3.0570 -03 1.9048 1.2302 6.7802'#U4 6.7012.04
0.0000. 00 1.4340".Oo 1.0000 4.9191".03 N0 1.9303 1.931 7 2.000002 2.3.'.3

INFINITE 2.9020*+02 .1826'.32 2.0352 -0. N 0.3150 2.0113"-04 3.0N90.02 2.8460".32

85010502 1.8560 1.01 S.300".03 3.3065"-03 1.7019 1.2729 7.060f-. 7.0.60. 0'

1.Z0000-02 1.4055.405 1.0000 5.3410"*03 NA 1.479' 0.4772 l.9100020 2.3324'°T

ONFIOITO 2.91D7 02 1.7636"432 2. 7236"-0'. NI 0.0I 6 2. 84E8-04 3.29800.02 2.0505".00

05010500 0.7238 1.C167 1.7071w 06 1.30'.0'-03 1.0259 1.5976 1.0199m.0S 1.0199405
6.0000t-0 1.444"-05 1.0000 1.506"*'4 NI 1 41.44 2.900 002 2.6r3.q

IFINITE 0.8047".02 4.866"4 1 7.419--04 '1 0.000 l.0101"-03 2.3410.02 2.0523.02

650100. 0.7450 1.016 1.6196:03 2.1734-03 1.9346 1.3007 9.997 04 9.977 +04

8.4 00 -0 2 1.4 51- 0 1.0000 1.7678" 04 N I 1.7 73 1.75 2.900 " .E 2.5 .. 9.0 2

I N F N I T E -9 0 2 5 ' 4 0 0 . 4 4 3 " 0 0 9 . 0 4 9 -0 6 N J 0 . 03 7 9 .490 21 - 0 4 2 . 0 60. 2 0. 2 6 " 0 2

80010505 0.7410 1.0143 -53800::0 2.2771"-03 1.5037 1.:41 1.003:".0S D.013,-05

9.600-02 5.4.005 1.0000 I-709.A01 1.7677 1.756! 2.9oO8".O2 2.5.J3 07

I N F N I T E 2 .* 9 3 " 0 2 . 7 8 6 " .0 1 4.1 6 5 0- 0 6 N ; 0 . 0 1 2 9 .0 10 " - 0 4 . 3 9 7 0 " 0 2 2. 0 I n .0 2

:1:::: .457.0 1.4433".4 2 7

85010506 0.7410 1.0194 1. 3255".06 2. TsTs"-03 1.121 1.2994 1.0005.05 1.05"*05

I|00 ' 1 1 --2305 1.00 .3 04 N .15 18 .0J 250'0

I FIN TE .07 44 '02 1.0720 0 7.3 430 - ot 61 0.001 6 7.5 6 '-0 4 .3 910" 02 2.814 *0 2

E010507 0.7570 1.0134 1. 3 9 04 .7907"-03 1. 0 0 1.2731 .9 05 0'E 9.985 2 .0 2

1 39 0 -01 01.4565 '. O 1 1.456 : 0 .4 2.9000.7 -2 2.51 31 *0- 2

INFINITE 2-8920.*02 1.1152 30 
7

.
3

o70"-06 NI 0.3179 7.62o.'-04 2.44D50.00 2 .061oU02

85510500 0.700 1.0167 1.4133"04 2. 064-03 1.48 1.21 3 9.9T78.04 9.972d7*T4

1-64 20 -0 I 1.45 3"05 1.0000 1.7 6"04 N I 1.577 1.6 6 2.900 " .+2 2.5 .t:02

INFINITE 0.883"402 1. 1337"32 7. 76?5"-0O N 0.3151 5.0122-04 2.46'OT 2.52" 02

89010509 0.7550 1.0144 1.3205".o0. 2.76T"-U03 1.4181 1.0. 1.0085-.0! 1.3"o

t.l60-01 1.46063305 1.0000 0.444'.4 N. 1.I&u0 1.698 2.000"02 2.5'°(c

OIFINOTE 0.€0896*2 1.1334'2 7.769-I34 NI 0.070' I.U177.-0. 2.4300-02 2.85'-02

... 'go., , t , :s 3 349nm mmm



850 1-C-I 2(;-5

85010301 LIU/SQUIRE PROFILE TABULATION 5Z POINTS, DELTA AT POINT 20

I y PTZ/P P/PD TO/TOO M/MD U/UO T/TO R/R0U/UO

1 0.000000 1.000.00 1.00000 1.00799 0.00000 0.00000 1.24839 0.00000

2 9.0000-05 1.5552"+00 0.97899 0.99454 0.750)2 0.79244 1.09572 0.71994
3 2.9000-04 1.6804-*00 0.999)9 0.99643 0.81868 0.84447 1.06400 0.79367
4 4.9000"-04 1.7874--00 0.9)85 0.996Z9 0.84936 0.88942 1.0,523 0.84995

5 6.8100R-04 1.8453-*00 1.00056 0.99786 0.8)560 0.91220 1.03740 0.87991
6 8.8000--04 1.,3624-*00 0.9)9.1 0.99730 0.90293 0.91819 1.03409 0.88740
7 1.0700"-03 1.8776--00 0.99967 0.99733 0.90934 0.92338 1.032Z4 0.89473
a 1.2700"-03 1.8819-+00 0.93925 0.99707 0.91117 0.92508 1.03077 0.89680
9 1.4700-03 1.92Z20+00 0.99996 0.99872 0.92766 0.93977 1.02628 0.91567

10 1.6600*-03 1.9356*+00 0.99845 0.99721 0.93315 0.94346 1.02266 0.92133
11 1.8600'-03 1.944'8-00 1.00024 0.998J3 0.93681 0.94726 1.02242 0.92671

12 2.0500-03 1.9494-00 0.93949 0.99826 0.93864 0.94876 1.02166 0.92817
13 2.5400"-03 1.9797--00 0.99843 0.99759 0.95055 0.95835 1.01647 0.94131
14 3.0300-03 2.0131-+00 0.93965 0.99860 0.96337 0.96943 1.01263 0.95700

15 3.5200"-03 2.0349.+00 1.00038 0.99946 0.97161 0.97663 1.01035 0.96699
16 4.0100"-03 2.0570-+00 1.00054 0.99976 0.97985 0.39352 1.00749 0.97673
17 4.4900'-03 2.0645-.00 0.99898 0.998Z5 0.98260 0.98502 1.00492 0.97919
18 4.9800-03 2.0744'-00 0.99860 0.99820 0.98626 0.98801 1.00355 0.98314
19 S.4700'-03 2.0996*400 0.99819 0.99841 0.99542 0.99550 1.00017 0.99354

0 20 5.9600-03 2.1123-*00 1.00000 1.00000 1.00000 1.00000 1.OOOO 1.00000
21 6.4500"-03 2.1303.+00 0.99816 0.99866 1.00641 1.08450 0.99620 1.00648
22 6.9400*-03 2.13801-00 1.01063 1.00023 1.00916 1.00749 0.99670 1.01147
23 7.4200-03 2.1484"+00 0.99912 0.99916 1.01282 1.00989 0.99422 1.01487

85010302 LIU/SQUIRE PROFILE TABULATION 52 POINTS. DELTA AT POINT 20

1 y PTZ/P P/P9 TO/TO0 M/MD U/UD T/TO R/ROD*U/UO

1 0.0000-+00 1.00304+00 1.00000 1.00232 0.00000 0.00000 1.31968 0.00000
2 9.0000"-05 1.711T*+00 0.99828 0.99258 0.72359 0.76617 1.12111 0.602Z0

3 2.9000"-04 2.025Z+00 0.99934 0.9953 0.83956 0.869 5 1.07151 0.81052
4 4.9000--04 2.1614400 0.99992 0.99662 0.88245 0.90540 1.05270 0.85992
5 6.8000-04 2.2388-040 0.99991 0.99756 0.90548 0.92464 1.04Z76 0.85664
6 8.8000"-04 2.2688+00 0.99924 0.99732 0.31422 0.93159 1.03836 0.89649
7 1.07001-03 2.2854'+00 0.99923 0.99712 0.91898 0.93533 1.03589 0.90223
8 1.27001-03 2.29654*00 0.99922 0.99739 0.92216 0.93800 1.03465 0.90588
9 1.4Q00--03 2.3133-1-00 0.99923 0.99724 0.92693 0.94174 1.03222 0.91164

10 1.66001-03 2.3273-400 0.99866 0.99732 0.93090 0.94495 1.03042 0.91583
11 1.0600"-03 2.3358+00 0.99924 0.99733 0.93328 0.94709 1.02981 0.91898
12 Z.0500"-03 Z.3500*+00 0.99812 0.99738 0.93725 0.95003 1.02745 0.92291
13 2.5400"-03 2.3815"+00 0.99883 0.91747 0.94599 0.95697 1.02336 0.93403

14 3.0300"-03 2.4192"*00 1.00013 0.99894 0.95631 0.96579 1.01992 0.94705
15 3.52001-03 2.4515"400 0.99867 0.99811 0.96505 0.97221 1.01488 0.95667

16 4.0100'-03 2.4812-+00 0.99835 0.99808 0.97299 0.97835 1.01105 0.96607
17 4.49001-03 2.517Z+.o 0.99979 0.99944 0.98253 0.99637 1.00784 0.97849
18 4.9800*-03 Z.5445'+00 0.9)955 0.99916 0.98967 0.99172 1.00413 0.96719
19 5.4700 -03 2.5629-+00 0.99976 0.99937 0.99444 0.99546 1.00205 0.99319

0 20 5.9600-03 2.5844-+00 1.00090 1.00000 1.00000 1.00000 1.00000 1.00000
7, 6.4500-03 Z.60301+00 0.999T1 0.99972 1.00477 1.00347 0.99T43 1.00577
22 6.9400-03 2.60921+00 0.91868 0.99946 1.00635 1.00454 0.99640 1.00684
23 7.4Z00-03 2.6217-+00 0.99963 0.99943 1.00953 1.00695 0.99489 1.01155
24 7.9100-03 2.6217+00 0.99996 1.00001 1.00953 1.00722 0.99542 1.01182

85010303 LIU/SOUIRE PRIFILE TABULATION 52 POINTS, DELTA AT POINT 22

1 y PT2/P P/PO 
T
O/TOO m/m U/UO T/TO R/RO*U/Ua

1 0.0000-+00 1.0000**00 1.00000 1.0018) 0.00000 0.00000 1.29389 0.00000
2 9.0000--os 1.4976".00 1.00049 0.992)S 0.64789 0.68252 1.14252 0.60643
3 2.90004-04 1.5396**00 0.99888 0.99174 0.67109 0.71405 1.13Z14 0.63000
4 4.9000-04 1.7325.-00 0.99949 0.99415 0.76398 0.80017 1.09727 0.72886
5 6.8000-04 1.9494.*00 0.99977 0.99604 0.84921 0.87552 1.06291 0.82351
6 8.8000--04 2.0595",00 0.99774 0.99538 0.83732 0.90754 1.04607 0.86560

7 1.0700--03 2.0996-+00 0.99922 0.997Z1 0.90058 0.91913 1.04162 0.88172
8 1.2700-03 2.1360*00 0.99789 0.99660 0.91301 0.92906 1.03548 0.89534
9 1.4700-03 2.1484.*00 0.99831 0.99730 0.91632 0.93210 1.03474 0.89929

to 1.6600--03 2.1588-*00 0.99987 0.99800 0.91964 0.93514 1.03400 0.90427
11 1.8600--03 2.1667"+00 0.99974 0.99730 0.92212 0.93707 1.03268 0.9071?

12 2.0500-03 Z.1693+00 0.99912 0.99754 0.92295 0.93762 1.03204 0.90771

13 ?-54A0-1 .1904"-Oo 0.99823 0.99725 0.929Sq 0.94287 1.02879 0.91486
14 4.0300--03 2.Z2251#00 0.99897 0.99778 0.93952 0.9511S 1.02490 0.92708
1 3.5Z00"-03 Z.2497*#00 0.99925 0.99823 0.94780 0.95805 1.02173 0.93697

16 4.0100-03 2.28261+00 1.00008 0.99900 0.95775 0.96633 1.01800 0.94932
1? 4.4900--03 2.3105,400 0.99930 0.9985Z 0.96603 0.97267 1.01380 0.95876
to 4.9800-03 2.3415i*00 0.99913 0.99905 0.97514 0.98013 1.01024 0.90934

19 5.4700-03 Z.3642-+00 0.997)2 0.99857 0.99177 0.98510 1.00678 0.97642
20 5.9600"-03 2.3815"*00 1.00009 0.99964 0.94674 0.90951 1.00562 0.98407

?1 6.4500--03 Z.40751+00 0.97892 0.99961 0.99420 0.99531 1.00223 0.99Z02
0 22 6.9400-03 Z.4279w+00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

23 7.4200--03 2.4426-00 0.99835 0.99912 1.00414 1.00276 0.99725 1.00386
24 7.9100-03 2.44561+00 0.99835 0.99949 1.00497 1.00359 0.99725 1.00469
25 8.4000-03 2.45151+00 0.99835 0.99915 1.00663 1.00469 0.99616 1.00690



K

12G-h 0"M (

85010304 LIU/SQUIRE PROFILE TABULATION 2 P3 NTS, DELTA AT POINT 23

r PT2/P P/PD TO/TOO M/M U/UD T/70 0/ D.U/UD

1 O 00000000 1.00030 0.99641 0.O00OO 0.00000 1.11796 0.00000

2 9.0000-05 1.1382"00 1.00295 0.99274 0.55570 0.5T573 1.07341 0.52794

3 2.9000"-0k 1.1568"00 1.00406 0.99435 0.59027 0.61043 1.07017 0.57290

4 4.9000 -04 1.1656"*00 1.00051 0.99134 0.60563 0.62490 1.0644 0 158726

5 6.8000 -04 1.1723"00 1.00342 0.5942: 0.61716 0.63719 1.0659l 0.599 0

6 8.8000'-04 1.1764 *00 1.00342 0.1943S 0.62740 0.64750 1.06510 0.61000

7 1.0700-03 1.1799-*00 1.00016 0.192U2 0.6293 0.64909 1.06164 0.650

8 1.2700"-03 1.178.*00 1.0 27 0.99477 0.64277 0.66Z97 1.06257 0.62S22

9 1.4700 -03 1.1934.00 1.0159 0.99341 0.65173 0.6,090 1.05969 0.6341"

10 1.6600-03 1.1934" 00 1.01396 0.9957, 0.65173 0.67143 1.06219 0.634i6
11 1.8600-03 1.1967*00 1.00206 0.99333 0.65610 0.67605 1.05902 0.63951

12 Z.05001-03 1.2041-00 1.00148 0.99340 0.66937 0.69715 1.05698 0.65107

13 2.5400*-03 1.2091"+00 1.00010 0.99241 0.67606 0.69429 1.05467 0.65837

14 3.03001-03 1.2221"+00 1.00061 0.39350 0.635Z6 0.71332 1.05263 0.67807

15 3.52001-03 1.2391"-00 0.99960 0.993-1 0.71959 0.73672 1.06817 '.70258

16 4.0100'-03 L.2493-+00 1.00051 0.99411 0.73367 0.75059 1.04666 0.71756

17 4.4900"-03 1.2725**00 1.00107 0.99511 0.76440 0.78033 1.04211 0.74960

18 4.9800'-03 1.2877*00 1.00105 0.99536 0.73361 0.79897 1.03959 0.76935

19 5.4700'-03 1.3033*+00 1.00194 0.99709 0.80292 0.91761 1.03718 0.78993

20 5.9600"-03 1.3306*.00 1.00171 0.99720 0.8343 0.04774 1.03117 0.02352

21 6.4500'-03 1.3453"+00 1.00076 0.99702 0.95147 0.86320 1.02775 0.84054
22 6.9400"-03 1.3688*+00 0.99943 0.99700 0.87708 0.99699 1.02Z73 0.86713

23 7.4200-03 1.3785"#00 1.00032 0.99711 0.89732 0.33651 1.02081 0.87851

24 7.9100'-03 1.3q71"000 1.00092 0.99849 0.90653 0.91475 1.01822 0.8?921

25 8.400-03 1.4241"+00 1.0010) 1.00023 0.93342 0.34013 1.01443 0.92851

26 8.8900"-03 1.4401-00 1.00250 1.00090 0.94878 0.35440 1.01188 0.94556

27 9.3800'-03 1.4592"+00 1.0027a 1.001J3 0.95671 0.97105 1.00901 0.96506

28 9.8700*-03 1.4788--00 0.9)993 0.99970 0.78464 O.qB612 1.00302 0.98318

0 29 1.0360'-02 1.4961"400 1.00000 1.00023 1.00000 1.00000 1.00000 1.00000

30 1.0840"-02 1.5036*00 1.00222 1.00207 1.00640 1.0067- 1.00067 1.0,030

31 1.1330"-02 1.5183"100 1.00118 1.00153 1.01921 1.017q4 0.99733 1.02177

32 1.1820"-02 1.5213"-00 1.00160 1.00175 1.02177 1.0202 0.99698 1.02495

33 1.0310"-02 1.5304"+00 .. 00210 1.00242 1.02q45 1.02736 0.39594 1.03371

34 1.2800'-02 1.5289".00 1.00073 1.00153 1.02817 1.02577 0.99535 1.03132

35 1.3290~-02 1.5259'+00 1.00107 1.00130 1.02551 1.02339 0.99569 1.02893
36 1.3770'-02 1.5239"+00 1.00150 1.0023' 1.02817 1.02617 0.99611 1.03172

37 1.4260"-02 1.52741*00 1.0o147 1.00219 1.0:639 1.02498 0.99629 1.03052

38 1.4750*-02 1.5304'+00 1.0013: 1.0,164 1.02945 1.02696 0.93517 1.03331

05010305 LIU/SQUIRE PROFILE TABULAV13N 52 POINTS, DELTA AT POINT 31

1 y PT2/P P/P3 TO/TOD M/MD U/UO T/Ti R/Q[lU/UJ

1 0.0000".00 1.0000"00 1.00000 0.99849 0.00030 0.00000 1.11874 0.00000

2 9.0000.-05 1.1583"+00 0.9993 0.99331 0.59665 0.61637 1.06719 0.57746

3 2.9000-04 1.1626"-00 0.91097 0.99132 0.60428 0.62355 1.06445 0.56467

4 4.9000w-04 1.1838"+00 1.00026 0.994,5 0.64046 0.65950 1.06155 0.62178

5 6.9000-04 1.1910".00 1.00078 0.994, 0.40206 0.67146 1.06037 0.63372

6 8. 0000-04 1.1975"*00 1.00172 0.99571 0.66237 0.491A4 1.05464 0.444%7

7 1.0700"-03 1.2074"00 0.9)776 0.99251 0.67704 0.63951 1.05373 0.60885

8 1.2700*-03 1.Z117".00 1.09020 0.9951Z 0.6R428 0.70299 1.05545 0.66619

9 1.4700"-03 1.21771"00 1.00046 0.99517 0.69330 0.71178 1.05431 0.67561

10 1.6600 --03 1.2212"-00 1.00031 0.99570 0.63945 0.71697 1.05371 0.64109

11 1.8600"-03 1.2256"-00 0.93736 0.99231 0.7040 0.72216 1.04957 0.6469

12 2.0500*-03 1.2293w-00 1.000)5 0.99570 0.70876 0.72695 1.05137 0.63149

13 2.5400"-03 1.2302"00 0.99730 0.993Z5 0.72294 0.73972 1.0,697 0.73438

14 3.0300"-03 1.2493"-00 0.99955 0.99512 0.73840 0.75529 1.04626 0.72157

15 3.5200*-03 1.2637"-00 1.00016 0.99577 0.75773 0.77405 1.04354 0.7,147

16 4.0100'-03 1.2715".00 1.00036 0.99614 0.76804 0.73401 1.042)7 0.75245

17 4.4900"-03 1.2836"-00 0.93922 0.99529 0.79351 0.79840 1.0389 0.76829

18 4.9800 -03 1.2970"00 0.99909 0.99653 0.80026 0.01477 1.03660 0.76592

19 5.47001-03 1.3151*+00 0.99922 0.99515 0.82216 0.83513 1.03179 0.80877

20 5.9600"-03 1.3272*+00 1.00050 0.99745 0.83634 0.94910 1.03075 0.82426

21 6.4500"-03 1.3419*+00 O.Q9730 0.99542 0.095309 0.86387 1.02543 0.84060

22 6.9400'-03 1.3581".00 0.99846 0.99636 0.87113 0.88104 1.02297 0.8001

23 7.4200"-03 1.3664"-00 0.99837 0,99643 0.88015 0.98942 1.02117 0.8t956

24 7.9100"-03 1.378T500 0.93929 0.99731 0.89304 0.9010 1.01370 0.83375

25 8.4000"-03 1.4034* 00 9.93352 0.99815 0.91091 0.92575 1.01515 0.91150

26 8.8900-03 1.4163"-00 0.q972 0.99861 0.93170 0.93772 1.01297 0.92545

27 9.3800-03 1.4387.00 0.93842 0.99791 0.95361 0.957Z9 1.00773 0.948"4

!8 9.8700-03 1.4537"00 0.99934 0.99859 0.94778 0.97046 1.0054 0.96448

29 1.0360"-02 1.4647*-00 0.99953 0.9984) 0.97909 0.97964 1.00317 0.97512

30 1.0840-02 1.4860"-00 0.9 490 0.99951 0.99742 0.93760 1.09037 0.99694

0 31 1.1330--02 1.4q89.00 1.00000 1.00000 1.00000 1.00000 1.03000 1.00000

32 1.1820-02 1.5034*00 0.99893 0.99941 1.01z19 1.0111 0.99663 1.01351

33 1.o310--oz 1.5094-*00 0.99910 0.99933 1.01804 1.01597 0.99593 1.01910

34 1.2800-02 1.5138-00 1.00079 1.00094 1.02191 1.01996 0.99619 1.02467

35 1.3290-02 1.5183"*00 1.00026 1.00049 1.02577 1.02315 0.99490 1.02867

36 1.3770--02 1.5198**00 0.99553 0.99903 1.02706 1.02359 0.99318 1.02907

37 1.42600-02 1.5193"+00 0.99794 0.99812 1.07577 1.02236 0.99335 1.02708

39 1.4750-02 1.5198-+00 0.99931 0.99941 1.02704 1.02395 0.99395 1.02947

L.
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35010306 LIU/SQUIRE PROFILE T&AUL&TrON 52 POINTS, DELTA AT POINT 33

1 7 PT2/P P/PO TO/T M/MD U/UO 7/T3 R/RO.U/UO

1 0.0000*00 1.00U0"+O0 1.00000 0.997 i 0.00000 P.00000 1.120T3 0.00000

2 9.00001-05 1.17081 00 1.00094 0.993Z8 0.61069 0.63077 1.06635 0.53160

3 2.9000*-04 1.1807'-00 1.00100 0.99410 0.62723 0.64734 1.05515 0.60835

4 4.9000"-04 1.1950--00 1.00321 0.99645 0.65013 0.61061 1.06401 0.63229

5 6.o000-0* 1.2125--00 1.00292 0.99624 0.67694 0.69665 1.05937 0.65953
6 8.8000-04 1.2134--00 1.0^143 0.99435 0.67612 0.69744 1.05779 0.6b027

7 l.0700-03 1.2283-+00 1.00096 0.99471 0.69975 0.71834 1.0519" 0.6i229

8 1.2700%-03 1.2309-+00 0.99994 0.99432 0.70356 0.72139 1.05279 0.68566

9 1.4700-03 1.2355-+00 0.99908 0.99370 0.73992 0.72711 1.051t3 0.69184

t0 1.6600-03 1.2391-+00 1.00073 0.99536 0.71501 0.73333 1.05190 0.69766

t1 1.8600*-03 1.2428-00 1.00022 0.99410 0.72010 0.73807 1.05052 0.70273

12 2.0500'-03 1.2484- 00 1.00202 0.99635 0.72774 0.74596 1.05070 0.71139

13 2.5.001-03 1.2579--00 1.00046 0.99534 0.74046 0.75779 1.04736 0.723i5

14 3.0300"-03 1.2656'+00 1.00166 0.99667 0.75064 0.76805 1.04693 0.73453

15 3.5200-03 1.Z775-00 1.00044 0.9957T 0.76590 0.73225 1.0414 0.75023

16 4.0100"-03 1.2918 .00 1.00176 0.99778 0.73372 0.80000 1.04199 0.76911

17 4.4900-03 1.3033-+00 1.00272 0.99817 0.79771 0.81341 1.03976 0.78389

18 4.9800-03 1.30866.00 0.99950 0.99603 0.80407 0.81854 1.03631 0.78946

19 5.4700 -03 1.3283--00 1.00053 0.99739 0.82697 0.84063 1.03331 0.81402

20 5.9600"-03 1.3430'-00 1.40137 0.)9811 0.84351 0.85641 1.03082 0.83194

21 6.4500--03 1.3499-+00 1.00065 0.998r3 0.85115 0.86351 1.02927 0.83951
22 6.9400-03 1.3676--00 1.00196 0.99904 0.87023 0.88166 1.02644 0.86055

23 7.4200-03 1.3617-.00 1.00068 0.99810 0.86397 0.87535 1.02675 0.05304
24 7.9100"-03 1.3761--00 1.00267 1.00033 0.87913 0.6)034 1.0254 0.97040
25 8.4000-03 1.3896"00 1.00141 0.99793 0.89313 0.90296 1.02213 0.88493

2o 8.8900"-03 1.4072400 1.00249 1.000'3 0.91094 0.91992 1.01351 0.90429

27 9.3800-03 1.4241-w00 1.00027 0.9)871 0.92748 0.93412 1.01437 0.9211'
!- 9.8700-03 1.4334"00 1.00236 1.0003S 0.93639 0.94320 1.01459 0.93154

29 1.0360-02 1.4468' 00 1.00235 1.00147 0.94911 0.95503 1.01251 0.94544
30 1.030--02 1.4619'-00 1.00054 0.9997S 0.96310 0.9166 1.09792 0.9s90
31 1.1330-02 1.4802*00 0.939. 1.00017 9.97964 0.98185 1.03452 .977 0

12 1.1820-02 1.4831"+00 1.00107 1.00135 0.93219 0.98662 1.00495 0.9d091

3 33 1.2310-02 1.5034-+00 1.00000 1.00000 1.00000 1.03000 1.00000 1.03000

34 1.2800-02 1.5034-00 1.03156 1.00159 1.00000 1.00079 1.00156 1.00073

35 1.3290-02 1.5123"+00 1.00127 1.00141 1.01763 1.03750 0.9)973 1.009)5
36 1.3770-02 1.5228".30 1.0237 1.002q5 1.01654 1.01617 0.9)928 1.01931

37 1.4Z60-02 1.52591+00 1.00046 1.0004 1.01906 1.01736 0.99661 1.02123
38 1.4750-02 1.5259--00 1.01124 1.00161 1.01998 1.nI77S 0.99739 1.02168

5010307 L IU/SOU IRE ROFILE TA5ULATI)N 52 POINTS. D9LT AT POINT is

I y PT/P PIP0 Y0/T3L /3O u/[J9 T/TO /lOo*/U0

1 0.0000.-00 1.0000.00 1.00030 1.00117 0.00030 0.00000 1.12032 0.00000
z 9.0000-05 1.1776.-00 0.99874 0.99290 0.6250 0.65142 1.0600 0.6135'

3 2.9000--04 1.2033"00 0.99946 0.99370 0.67430 0.69234 1.05517 0.65579
4 4.9000--04 1.2229*-00 0.99994 0.9947a 0.70375 0.72162 1.05143 0.6d628

S 6.9000-04 1.2309".00 0. 99A53 0.9936Z 0.71539 0.7324 5 1.04625 0.69771

1 9.9000--04 1.2429-+00 1.00239 0.99749 0.73221 0.75010 1.04946 0.716o1
7 1.0700--1)4 -. %2+'30 i. .0150 '.-14 ().743d6 0.7603 3 1.0644 0.776833
8 1.2700--03 1.2608"-00 1.00113 0.99665 0.7673 0.77337 1.04428 0.7641

9 1.47005-03 1.2627".00 1.000a) 0.99545 0.75938 0.77537 1.04256 0.74313

10 1.6600--03 1.2637--00 0.99936 0.99536 0.76067 0.77657 1.0-225 0.745C
11 1.8600-03 1.2755"00 1.03034 0.9964L 0.77629 0.79132 1.0 05 0.76153

12 2.0500--03 1.2785--00 0.99975 0.99527 0.76048 0.79503 1-03369 0.765Z2
13 2.5400-03 1.2887--00 1.00049 0.99668 0.79301 0.93786 1.03790 0.77861

14 3.0300-03 1.2991-00 1.00006 0.99619 0.80595 0.8130 1.03490 0.73:29
19 3.5200-03 1.3086--00 1.00017 0.99631 0.81753 0.83113 1.03318 0.834.2

16 4.0100-03 1.3142"-00 2.00190 0.99850 0.62665 0.84035 1.03343 0.91463
17 4.4900-03 1.3272"-00 0.999s6 .9963R 0.83959 0.85158 1.02879 0.8274b

18 4.9800-03 1.3362.+00 1.00015 0.99721 0.84944 C.091 1 I.07T67 0.8394

19 5.4700-03 1.3419'-00 0.99969 0.99718 0.85640 0.86763 1.00639 0.64506

20 5.9600-03 1.35341-00 1.00143 0.999(1 0.86934 0.88047 1.02576 0.85958
21 6.4500-03 1.3628"-00 0.91927 0.9979 0.67969 0.88929 1.02195 0.95916

22 6.9400-03 1.3785400 0.99940 0.99754 0.89651 0.90493 1.0189 0.88762
23 7.42001-03 1.37Z4"00 1.00244 1.000U) 0.89004 0.90012 1.02278 0.68221

24 719100-03 1.3724-+00 2.00244 1.000 3 0.99004 0.90012 1.02278 0.08221
26 8.4000-03 1.3834'.00 1.00104 0.99941 0.9D169 0.91055 1.01977 0.89033

26 8.8900-03 1.3983--00 1.00061 0.99895 0.91721 0.92459 1,01616 0.91044

27 9.3800--03 1.4124.00 1.00058 0.99944 0.93144 0.93783 1.01377 0.92563
28 9.8700-03 1.4124--00 1.00058 0.93944 0.93144 0.98783 1.01377 0.92563
Z9 1.0360-02 1.4347.#00 1.00094 1.00040 0.995343 0.95626 1.01021 0.94946
30 1.0840"-02 1.445.00 1.00165 1.00094 .096373 0.96791 1.09659 0.96124
31 1.1330--02 1.448Z.8*0 0.99877 0.99860 0.9S636 0.96911 1.00570 0.96244
02 1.1820-02 1.*647-.00 0.99956 0.999S5 0.93180 0.963S5 1.00339 0.97979
33 1.2310-02 1.4647--00 0.99956 0.399s5 0.98189 0.99355 1.00339 0.97979

84 1.2800-02 1.4746-*00 1.00060 1.00037 0.99094 0.90298 1.00290 0.99010

0 35 1.3290--02 1.4845--00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
36 1.3770-02 1.4099"400 1.00023 1.00029 1.00318 1.00361 0.99946 1.00438
37 1.4260--02 1.4932+00 1.00045 1.00003 1.00776 1.03722 0.99893 1.00876
38 1.4750u-Oz 1.4976-*00 1.00069 1.00019 1.01164 1.01083 0.99839 1.01315
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SECTION D. WALL PRESSURE AND PEAK MACH NU4BER BEFORE SHOCK

(Facslnile fran authors' tables)
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M(inf): 2.89, falling to 2.4 8601
R Theta xl0-3: 80 upstream

TV/TR:1.11 APG
Blowdown tunnel with symetrical contoured nozzle. Max. running time "several

minutes", normally 60 seconds. W = H = 203 ma, L up to 2.7 m.

PO: 0.67 MN/o'. TO: 270 K. Air. Re/m 10-': 63.

FERNANDO H.M., SMITS A.J., 1986. A data compilation for a supersonic turbulent

boundary layer under conditions of an adverse pressure gradient. Princeton, Gas

Dynamics Lab. Rep. MAE 1746.

And: Fernando & Smits (1987), A.J.Smits, private communications, data tape.

1 The general arrangements for the experiment were as for the CCF tests described in
CAT7904T, q.v.. The test surface however was flush with the tunnel floor, starting
0.902 m from the nozzle exit (X = 0). A wave generator was mounted in the frec stream to
provide a longitudinal pressure gradient identical to that measured on the curved ramp,
model 2, of CAT8401T. The co-ordinates for this are given in the source paper. The pressure
gradient started at about X = 1.0 m, a little upstream of the start of the curvature in

5 the ramp experiment. The two-dimensionality of the flow was checked by spanwise surveys
of the mean flow quantities at the X-value of profile 08.

6 Wall pressure was measured at 47 X-stations along the centreline, and at numerous points
25.4 and 50.8 m to the side. Wall shear stress was measured with a Preston tube (d -
1.6 m) at 10 values of X, and at a further 8 stations across the surface at X = 0.4191 a,

5 corresponding to profile 0108. The transverse variation was +/- 6%. Velocity profiles
8 were measured at the same 18 positions. The X-values are given in section B. Normal wire

turbulence profiles were obtained at the 10 profile stations along the centre of the
floor.

7 The mean flow probes, instrumentation and data reduction procedures were largely as for
CAT7904, except that the traverse gear was mounted on doubly eccentric plugs inserted in
the test wall rather than on long supports passing through the tunnel roof, and the
probes were in consequence of "goose-neck" form. Turbulence measurements were made with
normal hot wires only, operating in the constant-temperature mode and using a DISA 55 M 10
anemometer. The copper-plated soft-soldered sensor wires (d z 5 jm, active length about
0.8 m) were slightly slackened, to avoid strain-gauging. The support prongs were about
2-3 mm long and mounted in a cylindrical holder (d = 2.5-4 -m) the front of which formed
a wedge with 30" included angle. (Smits et al., 1983).

12 The editors have presented the profile data, 0101-0110, measured on the centreline of the
tunnel, as interpolated to the hot-wire measuring positions by the authors. The authors'
D-state has been replaced by a state selected on the basis of the total pressure profile,
there being no shock waves in the exterior flow adjacent to the test layer, with additional
consideration given to the reported turbulence levels.

§ Data: 86010101-10. Pitot, static pressure and TO profiles, NX = 10. CF from Preston tubes.
Normal hot-wire profiles, NX = 8.

15 Editors' comments:

This is one of a series of experiments designed to subject bundary layers to a number of
perturbations with features both in common and in contrast. 'he streamwise pressure
gradient here is the same as for the curved ramp of series 2, CAT8401T, but without
curvature. The "disturbance" of the layer - the change in mean pressure level - is the
same as for that case, and also the more abrupt changes of series 1, CAT8401T/7904T. The
choice of X-values for the profiles suggests a concentration on the "recovery" process
rather than the APG flow itself - 01 is about halfway through the pressure rise, 05-10
cover a region in which the pressure actually falls slightly. All profiles show normal
pressure-gradients though, this being a reflected wave case, they are not very strong.
Zero pressure gradient observations using the same instruments, but supported from the
tunnel roof as for CAT7904T, and covering a range of X from 1.07 to 1.53 m on the same
tunnel floor are given by Spine & Suits, CAT8603T.
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The authors' D-state is based on a 5% deficit in specific mass flow relative to an ideal
flow computed from the local static pressure and the free-stream total pressure (for a
discussion of the implications of this type of procedure, see § 9.2.2 above and AG253
Ch7). We again urge the desirability of basing the choice of edge point on the computed
value of the total pressure.

The profiles are covered in fairly fine detail. The momentum deficit integrand has not
reached its peak as the wall is approached, but the H12K values are low even for a modest
pressure gradient. Normal pressure gradients are present, but are probably small enough
for integral quantities to retain their conventional meanings with acceptable accuracy.
The profiles fit the wall law reasonably well, with a tendency to lie a little high,
(fig. 10.1.4) in contrast in this, and in the extent of the disagreement, with the
profiles for series 2 of CAT84OIT with the same streamwise pressure gradient on a curved
wall (fig. 10.2.3). The outer law plot for the two cases is very similar and typical of
those seen in modest adverse pressure gradients. (figs. 10.1.3, 10.2.5.)

Earlier investigations in similar flows are reported by Kussoy et al., CAT7802S, with hot
wire measurements. Related mean flows are reported by Peake et al., CAT7102, Lewis et al.,
CAT7201, Thomas CAT7401 and Zwarts, CAT7007.

Fernando & Smits (1987) report additional measurements in this boundary layer including
crossed wire traverses and multiple normal wire observations aimed at elucidating the
large-scale structure of the flow.

I

CAT 8601 FERNANOI/$SITS OUNDA3Y CN0ITIONS AND EVALUATED DATA, SI UNITS

R!JN 90 * TW/TR RED2. Cv 912 -1,K P40 .)=

X PO 0w/PQ RE ZI CO H! H32K T- T

Q2 TOO TAUW 0z Po 2 02K 3o* T7

86010101 2.6530 1.1013 3.9995-.0. 9.9203"-0. 5.3056 1.2?75 3.0410- 01 3.1)3 3 D1-15101.00 6.7121"v00 0.90 3 3.9693.-14 64 1.9396 1.9239 2.0156"N02 1.12'6".C
;NF1NNTE 27 4,02 15!07*02 1.3U04 -03 N -0.1726 1.0617"-03 5.6405 02 2.5.24'.

06010192 2.4100 1.1065 4.1753:.04 9.937-04 5:035 1.2393 2. 1501304 3. 517".:
1.110"O00 6. 0605 0.9634 7.0315"*04 99 1.9320 1.3179 2. 9T7".02 1.1530.-2
1NFINITE 2.?470? .T 0 5630OZ 1.3415 -03 N, - 4.63 1.90?2-23 5.6501 02 ,25-.02

86010103 251750 1.105 4.76Z0::04 9.6721*-04 4. 314 1.3191 3.59 00 3.1,:75 0,
1.191 00 6. b07'O5 1.0314 1.0197"05 N6 1.31q2 1.8049 2. l00?*0 1 16 '-02
INFINITE 2.1113'.02 1.5600,32 1.45z3 -3 -0.1310 Z.O963 -03 S.5733.C 2.5506".00

96010104 2.5330 1.1046 5.401":04 9.499-04 3.3003 1.3301 3.:1031 74 3.1210
1-2270.00 .1051.7 05 180700 1.0378"08 N4 1. 00 1.7,4' 2.099 2 1.1791**02
INFINTE _ .6921" 02 .1Y70-"32 1. 5612"-D3 6N -0.1201 3.1552-03 5.5149'*02 2.53490l

8 010105 Z.4900 1.1035 5. 7938"04 9.4620-04 3.5710 1.3474 4.2i0"U.04 3.9 412"-04
1.2490-00 4.141::0 5 1.01 1202':*05 69 1.3022 1.795 2. 9400 1.1 0:9002
INFINITE 2.6629 "02 1.6390= 02 1.583 4-03 N9 -0.1277 2o1 06-3 54433"00 2.50, o6.02

8010106 2.44;0 1.1020 1 ,7964:0, 9.*116-04 4.Z39 1.3731 .30 0 4.2 :?'Z..
12730"00 617TZ6=05 1.0155 1.1791 0 N 1.9086 1.7062 2.T93-0 1Z215 .2
INFINTE Z.6 8102 1..970. . 1.ST-03 N -0.1314 2.1054'-03 5.4Z49..0 2.533s*0

85010107 0.4760 1.1032 5.7634-.04 1.0111-03 4.1206 1.3222 4.2510*04 4.02i'0NC
1.2990--00 6.7367T"05 1.0386 1.1854-.05 N4 1.9139 1.9011 2.8053" 02 1.211T",32
INFINITE 2.6974--02 1.7T60-3Z 1.5761-03 N -0.1267 2.2196-03 5.4646-02 2.5429'+02

84010108 2.6160 1.1032 5,395"::,0 1.0664-01 4.1961 1.303 4.1003"10 3,97012.C

1.9040"*00 6.5459.05 1.0309 1,1091".05 69 1.9216 1.8100 2.0149",00 .2tS9" C
INFINITE Z.70'9'02 1.5200"02 1.5052-03 NN -0.1326 2.1424-03 0°474002 2.5511.60

8010109 2.4230 1.101 4 6.9447-04 1.094o"-03 4.7100 1.2159 3.9630"04 4.1493',04
1.3490--00 6.2180+05 0.9551 9.919.04 N4 1.8314 1.q19, 2.6443 0 2 1.2 98.+0z
INFINITE 4.T354--02 1.8450" JZ 1.4068--03 N4 -0.L379 2.0544-03 5.4460-402 2.5319-.02

80010110 2.5050 1.1039 56,233-04 1.023-03 4.7111 1.2662 4.0170- 04 *.017.O,04

1. 361000 6.91T0.05 1.0000 1.1768 -05 N4 1.9313 1.3202 2.792:01 1.1552"0:
INFINITE 2.b050" 0l 1.0800"0 1.4713-03 69 -0.1546 2.1362-03 5.3982 02 2.454120Z



8601-C- 121-3

86010102 FERNANOO/SKITS PROFILE TABULATI3N 53 POINTS, OELTA AT POINT 42

I r PTZ/P P/PO TO/TO0 MI/O U/UD T/TD R/RO*U/UD

1 0.0000*00 1.0000+00 0.96339 1.03999 0.00000 0.00000 2.46557 0.00000
2 3.9700-04 2.3757.00 0.96339 1.029ST 0.45416 0.62658 1.90342 0.31714
3 5.8160--04 2.5783.*O0 0.96339 1.028Z5 0.48014 0.65348 1.85239 0.33986
4 7.7420-04 2.7104--00 0.96339 1.02893 0.49618 0.67009 1.82386 0.35395
5 9.9080-04 2.9217".00 0.96339 1.02792 0.52063 0.69398 1.77680 0.37628
6 1.2070-03 3.0808".00 0.96339 1.02786 0.53820 0.71080 1.74427 0.39259
7 1.4160"-03 3.0318--00 0.96748 1.02793 0.53285 0.7057I. 1.75406 0.39T29
8 1.S770-03 3.Z060-+00 0.9s555 1.0Z803 0.55157 0.72337 1.71997 0.41449
9 1.8010'-03 3.3234-+00 0.98459 1.02O48 :0.563T9 0.?3437 1.69668 0.4Z616
10 2.0020-03 3.3644"+00 0.98266 1.02674 0,56799 0.?3790 1.68778 C.42962
11 2.2190-03 3.4436-*00 0.98266 1.02699 0.57601 0.74517 1.673S9 0.43753
12 2.4270-03 3.4971.00 0.97977 1.02653 0.58136 0.74974 1.64316 0.4'167
1! 2.8850-03 3.6767'+00 0.97881 1.02598 0.59893 0.76480 1.630S7 0.45910
14 3.3020"-03 3.8497-400 0.93266 1.02473 0.61536 0.77819 1.59928 0.47815
15 3.6870--03 3.9195500 0.98362 1.02506 0.62185 0.78370 1.59828 0.48534
16 4.0000"-03 4.0110-+00 0.98555 1.02420 0.63025 0.79024 1.57213 0.49539
17 4.4180-03 4.0699.+00 .99037 1.023r0 0.63560 0.79429 1.56167 0.50371
18 4.8910-03 4.2368-+00 0.98748 1.023:5 0.65050 0.80602 1.53534 0.51840
19 5.3400-03 4.4211"+00 0.98555 1.02285 0.66654 0.81829 1.50712 0.53509
20 5.7020"-03 4.4701'+00 0.98362 1.02198 0.67074 0.82108 1.49852 0.53895
21 6.0230-03 4.6558*+00 0.98266 1.02145 0.68640 0.83261 1.47137 0.53606
22 6.4160-03 4.7526u+00 0.98362 1.02132 0.69442 0.83842 1.45773 0.5574
23 7.2180-03 5.0885-+00 0.98362 1.019)

7  
0.72154 0.85T1 1.41108 0.59747

24 8.1090-03 5.2591".00 0.98844 1.01894 0.73491 0.86584 1.38904 0.61657
Z5 8.92801-03 5.4679.00 0.98940 1.01818 0.75095 0.87622 1.36144 0.63678
26 9.6500-03 5.7227-00 0.98844 1.01722 0.77005 0.88816 1.330Z8 0.65993
27 1.0440"-02 5.9417.-00 0.98844 1.01623 0.70610 0.89782 1.30445 0.63032
28 1.12201-02 6.2095400 0.98748 1.01494 0.80519 0.90883 1.27397 0.70445
29 1.2120"-02 6.59S6n+00 0.98555 1.01370 0.83231 0.92409 1.23269 0.73882
30 1.2960"-02 6.7560-*00 0.97977 1.01277 0.84301 0.92970 1.21624 0.74894
31 1.3660'-02 7.0829".00 0.97S92 1.01145 0.86478 0.94102 1.18408 0.77358
32 1.4460*-02 7.3291- 00 0.97110 1.01032 0.88083 0.94922 1.16133 0.79373
33 1.5Z60-02 7.5860-*00 0.96532 1.00941 0.89725 0.95701 1.13764 0.81205
34 1.6110-02 8.02071-00 0.96435 1.00826 0.92437 0.96989 1.10091 0.84959
35 1.7020-02 9.1957-*00 0.96339 1.00712 0.93506 0.97446 1.08603 0.86442
36 1.7690-02 8.37281*00 0.97013 1.00641 0.94576 0.97913 1.07181 0.88625
37 1.8470-02 8.6034-+00 0.98073 1.00538 0.95951 0.99494 1.05371 0.91672
38 1.9260'-02 8.8308-+00 0.99037 1.00438 0.97288 0.99045 1.03644 0.94642
39 2.0150*-02 9.922T-+00 0.99807 1.00317 0.97823 0.99221 1.02880 0.96258
40 2.0990-02 9.0151+00 1.00193 1.00203 0.98358 0.99398 1.02126 0.97516
41 2.1?30--02 9.2081--00 1.00193 1.00101 0.99465 0.99824 1.00722 0.99299

0 42 2.24901-02 9.3020-+00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
43 2.4050--02 9.3020-+00 0.99229 0.99772 1.00000 0.99886 0.99772 0.99343
44 2.57201-O2 9.4914-+00 0.98362 0.99586 1.01070 1.00239 0.98363 1.00238
45 2.7310--0, 9.4914"+00 0.97977 0.99380 1.01070 1.00135 0.98159 0.99949
46 2.8850'-02 9.5391-*00 0.98170 0.99162 1.01337 1.00135 0.97642 1.00676
47 3.0550*-02 9.5391-+00 0.97891 0.99018 1.01337 1.00062 0.97500 1.00453
48 3.2020"-02 9.63489400 0.96917 0.99017 1.01872 1.00280 0.96901 1.00298
49 3.3590"-02 9.6348-+00 0.95915 0.99017 1.01872 1.00280 0.96901 0.99261
50 3.5180"-02 9.6828-+00 0.95395 0.99009 1.02139 1.00384 0.96594 0.99139
51 3.6780'-02 9.T39.*00 0.95915 0.99011 1.02445 1.00509 0.96257 1.00152
52 3.84001-02 9.6828. 00 0.96724 0.99009 1.02139 1.00384 0.96594 1.00520
S3 3.9980-02 9.5869w Oo 0.97698 0.99027 1.01604 1.00177 0.97209 1.00670



1 2F-4 O - -

86010104 FERNANDO/SIITS PROFILE TABULATION 53 POlNTS, DELTA AT POINT 41

I y PT2/P P/PD TO/T3o M/MD U/UD T/TO R/RD*U/UD

1 0.0000"+00 1.0000"'00 1.06998 1.04033 0.00000 0.00030 2.37451 0.00000

2 3.4700"-04 2.0276"*00 1.06998 1 .02871 0.41769 0.57853 1.91913 0.32261
3 4.8340"-04 2.2198+00 1.06998 1.02733 0.44730 0.61126 1.86752 0.3502
4 7.0800"-04 2.3757*+00 1.06998 1.027)6 0.46940 0.63495 1.8Z971 0.37130
5 8.7650--04 2.4693"+00 1.06990 1.0274 0.4S234 0.64800 1.80713 C.38367
6 1.10901-03 2.609Z"00 1.06998 1.02737 0.50020 0.66653 1.77563 0.40164

7 1.29401-03 Z. 7104"+00 1.06998 1.02707 0.51203 0.67905 1.75332 0.41440
8 1.4940-03 Z.7329--00 1.09245 1.027)9 0.51559 0.6B179 1.74958 0.42596

9 1.6950"-03 2.7784--00 1.09031 1.02659 0.52112 0.68705 1.73821 0.43096
10 1.87101-03 2.9377"00 1.00924 1.02577 0.5Z823 0.63369 1.72458 0.43913
11 2.1040-03 2.955d-400 1.08633 1.02651 0.54205 0.70T16 1.70201 0.45123

12 2.3130"-03 2.9558"00 1.08436 1.02581 0.54205 0.70695 1.70100 0.45092
13 2.6170"-03 3.1307 "+0 1.07951 1.025:9 0.56731 0.73021 1.65674 0.47564

14 2.9940"-03 3.236"+00 1.07640 1.0Z47 0.57876 0.74011 1.63527 0.48716
15 3.4520"-03 3.3906-+00 1.077T7 1.02374 0.5q931 0.74979 1.61632 0.49941
16 3.92501-03 3.4971-+00 1.07533 1.023o0 0.6)037 0.75937 1.59715 0.51127
17 4.23801-03 3.6430"00 1.07533 1.r22Z 0.61627 0.77221 1.57013 0.52836
19 4.60TO-03 3.7324--0 1.07533 1.02234 0.62456 0.77916 1.55635 0.53834
t9 5.0320*-03 3.8050. 00 1.07426 1.022,9 0.631,6 0.78474 1.54340 0.54620
20 5.5300"-03 3.9651"-00 1.06805 1.021)2 0.647)6 0.73634 1.51655 0.56119
21 5.9070--03 4.1294'-00 1.06698 1.02062 0.66246 0.1834 1.49078 0.57890
22 6.2840--03 4.1764"00 1.06377 1.01930 0.66630 0.81190 1.49256 0.50255
23 7.12601-03 4.4836--00 1.05521 1.01920 0.69443 0.83263 1.43762 0.61115
24 7.7920"-03 4.7526" 00 1.05307 1.01833 0.71773 0.R4916 1.39978 0.63893
25 8.T070-03 4.9830"-00 1.04933 1.017'4 0.73737 0.95222 1.36839 0.66117
26 9.4610"-03 5. 2591"00 1.04740 1.01577 0.75957 0.87604 1.33261 0.68918
27 1.0260"-02 5.5437--00 1.0-772 1.01403 0.70208 0.83095 1.24779 0.71927
28 1.1120-02 5.7227"+00 1.05254 1.013 5 0.7)581 0. 99937 1.27692 0.74133
29 1.1840"-02 6.170a"+00 1.05991 1.012)0 0.82945 0.91926 1.22828 G.79318
30 1.2770"-02 6.2844"-00 1.069)8 1.01173 0.83774 0.92,59 1.2'543 0.91306

31 1.3480-02 6.4818--00 1.0735 1.0!073 0.85135 0.93126 1.19405 0.83477
32 1.43500-02 6.67?1 .00 1.06454 1.00973 3.85577 0.93553 1.17513 0.85C4
33 1.5150"-02 7.1645*+00 1.06032 1.00835 0.83933 0.95589 1.12975 0.99690
34 1.5870"-02 7.2878"+00 1.05468 1.00773 0.907s2 0.95989 1.11851 0.9:511

35 1.6790:-02 7.6707+00 1.04551 1.006Z' 0.93239 0.97130 1.08538 0.93626
36 1.7540 -02 7.346 + 0 1.03732 1.00541 0.94670 0.978Z1 1.06767 0.95013

37 1.8330*-02 8.0642"+00 1.02809 1.00417 0.95815 0.98305 1.05265 0.95036
39 1.9170"-02 S.3283" 00 1.0 '172 1.00323 0.97473 0.99032 1.03223 0.98024
39 1.9860"-02 8.5069"+00 1.01594 1.00230 0.99579 0.99494 1.01846 0.99228
40 2.0800 -02 8.5583 +00 1.00449 1.00034 0.93q95 0.99558 1.01346 0.98477

3 41 2.1560 -02 8.7395"+00 1.05000 1.000)' 1.00000 1.00000 1.000900 1.03000
42 2.2360"-02 8.7395"-00 0.99326 0.99874 1.00000 0.90937 0.99874 0.93399
43 2.3950*-02 8.9767"00 0.98202 0.9971 1.00829 1.00211 0.90777 0.90629
44 2.5580"-02 8.9227"+00 0.97421 0.99450 1.011)5 1.00211 0.90Z38 0.91373

45 2.71701-02 9.0151".00 0.96908 0.99230 1.01650 1.00358 0.97458 0.99791
46 2.8760*-02 9.0151-+00 0.96458 0.99092 1.01558 1.00253 0.97254 0.99432
47 3.0320"-02 9.0615"+00 0.36191 0.98913 1.01934 1.00234 0.96788 0.99665

48 3.1880-02 9.0615-+00 0.95442 0.98913 1.01934 1.00284 0.96788 0.98889
49 3.3420"-02 9.1613"*00 0.94254 0.98901 1.C2527 1.00526 0.96136 0.98559

50 3. 5020"-02 9.1613"+00 0.92938 0.98931 1.02527 1.00526 0.96136 0.97192
51 3.6610'-0Z 9.2550"+00 0.92831 0.9883 1.03079 1.00737 0.95507 0.97915

52 3.8170-02 9.2081"+00 0.93644 0.98831 1.02803 1.00632 0.95820 0.98346
53 3.9750"-02 9.161 "+00 0.94233 0.98901 1.02527 1.00526 0.96136 0.98536



8601-C-3 12H-5

86010106 FERNANDO/SNItS PROFILE TABULATION 53 POINTS, DELTA AT POINT 42

1 y PT2/P P/Po TO/TOD M/10 UUO T/TO R/RO*UfUO

1 O0.0000*O0 l.0000.00 1.01554 1.04001 0.00000 0.00000 2.286S1 0.00000
z 3.9700--04 2.0373-#00 1.01554 1.02937 0.43382 0.58952 1.84658 0.32421
3 5.2540-04 2.2279*.00 1.01554 1.02960 0.46405 0.62246 1.79923 0.35133
4 7.0990-04 2.355j".00 1.01554 1.02961 0.48284 0.64225 1.76925 0.36664
5 9.4250-04 2.4192-+00 1.01554 1.0Z79 0.49183 0.65102 1.75206 0.37T34
6 1.1510-03 2.5233m+00 1.01554 1.02836 0.50613 0.66567 1.TZ960 0.39080
7 1.3680-03 2.5075400 1.01554 1.02861 0.51471 0.67433 1.T1644 0.39897
8 1.54400-03 2.68800+00 1.01960 1.027%3 0.52778 0.6S695 1.69414 0.41343
9 1.76900-03 2.7556-.00 1.01462 1.02790 0653636 0.69529 1.64047 0.41980

10 1.9130'-03 2.8145-*00 1.01320 1.02730 0454371 O.TO214 1.66768 0.42659
11 2.1220--03 2.8980-*00 1.01279 1.02657 0.55392 0.71166 1.65061 0.43666
12 2.3470*-03 Z.9081"400 1.01066 1.02695 0.55515 0.71283 1.64877 0.43704
13 2.7560-03 3.04Z2"00 1.00579 1.02633 0.57108 0.TZ738 1.62230 0.45096
14 3.1650-03 3.1305,+00 1.00416 1.025S0 0.58129 0.T3636 1.60472 0.46078
15 3.4300--03 3.2716.400 1.00091 .OZ439 0.9722 0.7503? 1.57864 0.47576
16 3.85501-03 3.3494-+O0 1.00254 1.02525 0.60580 0.75797 1.56546 0.48542
17 4.3520"-03 3.4264,00 1.0045T 1.02460 0.61438 0.76513 1.55096 0.49558
18 4.7930"-03 3.5667-+00 1.00518 1.02331 0.62908 0.77711 1.52598 0.51114
19 5.1300u-03 3.69Z5.+00 1.00508 1.OZ292 0.64216 0.78781 1.50507 0.52609
20 5.4350"-03 3.7688"O 1.00619 1.02328 0.65196 0.79594 1.49044 0.53734
21 5.8200"-03 3.8497".00 1.00812 1.02189 0.65909 0.80032 1.47897 0.54553
22 6.3740*-03 3.9361-+00 1.00599 1.02140 0.66667 0.80695 1.46514 0.55407
23 7.05601-03 4.17644*00 1.00366 1.02012 0.68995 0.82449 1.42803 0.57959
24 7.9T80-03 4.3591-400 1.00112 1.01923 0.70711 0.83701 1.40115 0.59804
25 8.6840"-03 4.TZOZ"400 1.00020 1.01813 0.73979 0.86011 1.35173 0.63643
26 9.5350-03 4.9830-*00 1.00020 1.01752 0.76266 0.87562 1.31814 0.65442
27 1.0370"-OZ 5.Z47.00 1.00162 1.01628 0.78309 0.88866 1.28781 0.69118
Z8 1.1060-0Z 5.3978-400 1.00162 1.01545 0.79739 0.89754 1.26698 0.70956
29 1.20301-02 5.6149-*00 1.00112 1.01367 0.81495 0.90781 1.24087 0.7$241
30 1.2750'-OZ 5.9417-+00 1.00203 1.01340 0.84069 0.92332 1.20624 0.76791
31 1.3550"-OZ 6.2464'+00 1.00457 1.01201 0.86397 0.93626 1.17433 0.80091
32 1.4470-02 6.3608-+00 1.00782 1.01096 0.872S5 0.94064 1.16217 0.81571
33 1.5130*-02 6.6771, 00 1.00853 1.00974 0.89583 0.95294 1.13156 0.84933
34 1.6060"-02 6.9155-+00 1.00995 1.00867 0.91299 0.96160 1.10933 0.87546
35 1.6760*-02 7.1236-+00 1.01391 1.00737 0.92770 0.96888 1.09075 0.90062
36 1.7570-02 7.4122-+00 1.01757 1.00663 0.94771 0.97840 1.06580 0.93412
37 1.8460"-02 7.5860.*00 1.01858 1.00542 0.95956 0.98364 1.05081 0.95347
38 1.91400-02 7.7132,+00 1.01655 1.00491 0.96814 0.98749 1.04037 0.96498
39 2.0070"-02 7.8846*#00 1.01229 1.00353 0.9?958 0.99230 1.02615 0.9789
40 2.07701-02 7.9710+00 1.01066 1.00244 0.98529 0.99444 1.01065 0.98664
41 2.1*00"-02 8.1079".00 1.00741 1.00117 0.99428 0.99797 1.00743 0.99795
42 2.2480w-02 8.1957T+00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
43 2.39901-02 8.2040"*00 0.9812 0.99804 1.00572 1.00160 0.99183 0.98785
44 2.5610"-02 8.3728-400 0.97461 0.99592 1.01144 1.00310 0.98359 0.99395
45 2.73000-02 8.4173"*00 0.96649 0.993S3 1.01430 1.00332 0.97646 0.99103
46 2.87400-02 8.41731+00 0.95532 0.99192 1.01430 1.00235 0.97658 0.98052
47 3.04501-02 0.5069"+00 0.93622 0.99033 1.02002 1.00406 0.96897 0.97013
48 3.2000"-02 8.6034".00 0.91733 0.99012 1.02614 1.00663 0.96233 0.95956
49 3.3500"-02 8.64061#00 0.90667 0.99021 1.02900 1.00791 0.95943 0.95249
50 3.5180"-02 8.6940-+00 0.89895 0.99031 1.03186 1.00920 0.?V655 0.94843
51 3.6630u-02 8.6940-+00 0.89387 0.99031 1.03186 1.00920 0.95655 0.94307
52 3.8300"-02 8.69400400 0.88433 0.99031 1.03186 1.00920 0.95655 0.93300
53 3.9870*-02 9.7851-+00 0.87032 0.99013 1.03758 1.01155 0.95045 0.92626



12H-6 8601 -C-4

86010108 FERNANDO/SKITS PROFILE TABULATION 53 POINTS. OELTA AT POINT 42

1 PTZ/P P/PO TO/TO0 M/No U/UO T/T0 R/ROsU/UO

1 0.O0000O0 1.0000.+00 1.03093 1.03996 0.00000 0.00000 Z.31508 0.00000
2 3.9700'-04 2.2579w+00 1.03093 1.02919 0.463Z5 0.62390 1.81383 0.35460

3 5.1730--04 2.4901"+00 1.03093 1.02931 0.49596 0.65805 1.76043 0.38536
4 T.8210-04 2.6531-+00 1.03093 1.02931 0.51737 0.67954 1.72518 0.40608
5 9.34501-04 2.79154+00 1.03093 1.0Z855 0.53473 0.69624 1.69531 0.42339

6 1.19101-03 2.9611*00 1.03093 1.02813 0.54321 0.70422 1.68066 0.43198
7 1.3200*-03 2.845-+00 1.03093 1.02836 0.54604 0.70699 1,67639 0.43478
8 1.56001-03 3.0318- 00 1.03072 1.02721 0.56341 0.72284 1.64604 0.45263
9 1.7610"-03 3.0562u 00 1.02515 1.02706 0.56624 0.72540 1.64117 0.45312

10 1.9530*-03 3.1555m 00 1.02742 1.02738 0.57754 0.73582 1.62321 0.46574
11 2.1220*-03 3.1807-+00 1.02742 1.02709 0.58037 0.73827 1.61814 0.46876
12 2.3380"-03 3.1951-+00 1.02216 1.02661 0.58199 0.73955 1.61474 0.46815

13 Z.6510"-03 3.29744*00 1.02165 1.02643 0.59330 0.74955 1.59609 0.47978
14 3.1730"-03 3.3382,"00 1.02010 1.02535 0.59774 0.75306 1.58722 0.46399
15 3.4620"-03 3.4971I+00 1.02412 1.02510 0.61470 0.76764 1.55949 0.50411

16 3.8950"-03 3.5940-+00 1.02639 1.02472 0.62480 0.77604 1.54273 0.51631
17 4.3680"-03 3.5783-+00 1.02918 1.02437 0.62318 0.77455 1.54479 0.51602
18 4.7610-03 3.7485" 00 1.03093 1.02338 0.64055 0.73859 1,51566 0.53639
19 5.1300"-03 3.8497+00 1.02918 1.02253 0.65065 0.79647 1.49847 0.54703
20 5.4590"-03 3.9361-+00 1.02515 1.02258 0.65913 0.80328 1.41522 0.55445
21 5.8760*-03 4.0110'+00 1.02361 1.02150 0.66640 0.80860 1.47230 0.56217

22 6.3580"-03 4.2368"+00 1.02041 1.02113 0.68780 0.82498 1.43867 0.58514
23 7.0880--03 4.4078-+00 1.01887 1.02010 0.70355 0.83637 1.41318 0.60300
24 7.9700*-03 4.5873" 00 1.01258 1.01936 0.71971 0.84786 1.33781 0.61861
25 8.6920*-03 4.8178-+00 1.01237 1.019:2 0.73990 0.86169 1.35628 0.64319
26 9.5910"-03 4.9830-+00 1.01082 1.01734 0.75404 0.87105 1.33444 0.65991
27 1.03801-02 5.2591'+00 1.01031 1.01599 0.77706 0.98584 1.29957 0.6867

28 1.10901-02 5.5083-*00 1.01103 1.01472 0.79725 0.89829 1.26951 0.71539

29 1.2040"-02 5.6866'+00 1.00979 1.01373 0.81139 0.90669 1.24871 0.73322
30 1.2750*-02 5.9049-+00 1.01381 1.012)8 0.82835 0.91669 1.22467 0.75836
31 1.3590"-02 6.2085--00 1.01258 1.01168 0.85137 0.92967 1.19240 0.78947
32 1.4450-02 6.4818-00 1.01361 1.01056 0.87157 0.94063 1.16476 0.81856
33 1.5210"-02 6.7165-+00 1.00907 1.00959 0.89853 0.94957 1.14211 0.83896
34 1.6030-02 6.9615-+00 1.00907 1.00826 0.90590 0.95819 1.11877 0.86423
35 1.6760--02 7.2054-+00 1.00629 1.00734 0.92286 0.96690 1.09750 0.88645
36 1.7630-02 7.4122-+00 1.00474 1.00646 0.93700 0.97330 1.07898 0.90633
37 1.8440--02 7.6707".00 1.00423 1.00548 0.95436 0.98138 1.05742 0.93201

38 1.9190-02 7.8846-+00 1.002T8 1.00465 0.96850 0.98776 1.04018 0.95225
39 2.0080"-02 8.1518-*00 1.00000 1.00308 0.98586 0.99511 1.01884 0.97671

40 2.0740--02 8.2398-400 1.00155 1.00215 0.99152 0.99723 1.01156 0-98736
41 Z.1630*-02 8.3283-*00 1.00175 1.00106 0.99717 0.99925 1.00418 0.99684

0 42 Z.2480"-02 8.3729-+00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
43 2.4080-02 8.4173-+00 1.01206 0.99739 1.00283 1.00021 0.99479 1.01758

44 2.5610"-02 8.4620-+00 1.03711 0.99602 1.00565 1.00053 0.95984 1.04832
45 2.7350u-02 8.2840.00 1.06186 0.99332 0.99435 0.99436 1.00003 1.05584

46 2.8820"-02 8.3283" 00 1.06392 0.99170 0.99717 0.99457 0.99480 1.06368
47 3.0470m-02 8.3283-00 1.05876 0.99022 0.99T17 0.99383 0.99330 1.05932
48 3.2070--02 8.3728- 00 1.05258 0.99024 1.00000 0.99511 0.99024 1.05775
49 3.3520--02 8.3725"*00 1.04845 0.99024 1.00000 0.99511 0.99024 1.05361
50 3.5260"-02 8.3728" 00 1.05155 0.99024 1.00000 0.99511 0.99024 1.05672
91 3.6760"-02 8.2840-+00 1.05567 0.99021 0.99435 0.99255 0.99640 1.05160
52 3.8380*-02 8.2398*00 1.06082 0.99021 0.99152 0.99128 0.99951 1.05209
53 3.9980-02 8.1957-400 1.06092 0.99023 0.98869 0.99000 1.00265 1.04744



8601-C-5 121t-7

86010109 FERNANDO/SNIS PROFILE TABULATION 53 POINTS. 0EL7A AT POINT 42

y PTk/P P/PO TO/TOO M/NO U/Uo T/TO R/RDVU/UD

1 0.0000-+00 1.0000"*00 0.95511 1.04000 0.00000 0.00000 2.ZS614 0.00000
2 2.7700-04 2.0895-*00 0.95511 1.02911 0.44752 0.60206 1.80992 0.31771
3 4.2940--04 2.4397"+00 0.95511 1.02839 0.50041 0.65753 1.7Z65Z 0-36374
4 6.2200"-04 2.6311-.00 0.95511 1.02913 0.52645 0.68376 1.68693 0.38713

S 8.5470-04 2.0278.00 0.95511 1.02791 0.55165 0.70762 1.64539 0.41076

6 1.1360-03 2.9081-*00 0.95911 1.02803 0.56157 0.11697 1.63004 0.4Z011
7 1.32801-03 2.98133.00 0.96084 1.02701 0.57066 0.72503 1.61421 0.43157
8 1.4960-03 3.040800 0.95606 1.02756 0.58223 0.73578 1.59701 0.44048
9 1.7050"-03 3.1305w+00 0.95463 1.02712 0.58802 0.74084 1.58732 0.44555
10 1.8820-03 3.2460,*00 0.95482 1.02676 0.60124 0.75244 1.56623 0.45872
11 Z.1Z20-03 3.2574-+04 0.95224 1.02730 0.60248 0.75373 1.56514 0.45858
12 2.3390"-03 3.3382-+00 0.94861 1.02622 0.61157 0.76126 1.54943 0.46607
13 2.7560-03 3.45880*00 0.95005 1.02524 0.62479 0.71222 1.52761 0.48026
14 3.1250--03 3.5240-+00 0.94671 1.02577 0.63182 0.77835 1.51763 0.48554
15 3.5020--03 3.5395400 0.94976 1.02438 0.63347 0.77921 1.51306 0.48912
i6 3.9030-03 3.6490"400 0.95606 1.02431 0.64504 0.78878 1.49532 0.50432
17 4.3370-03 3.6925**0O 0.95702 1-02329 0.64959 0.79211 1.49695 0.53981
18 4.7140'-03 3.8212Z.00 0.95606 1.02264 0.66281 0.80254 1.46606 0.52336
19 5.0670--03 3.89071+00 0.95606 1.02292 0.66983 0.80823 1.45592 0.53075
20 5.4680-03 3.98181+00 0.95463 1.02173 0.67893 0.81490 1.44066 0.53998

21 5.8930-03 4.1294-+00 0.95129 1.02181 0.69339 0.82608 1.41935 0.55366
22 6.2860-03 4.2368400 0.94976 1.02111 0.70372 0.03360 1.40320 0.56423
23 7.0970--03 4.4389+00 0.94546 1.01991 0.72273 0.84715 1.37394 0.58295
24 7.9550--03 4.SaT3-400 0.94546 1.01933 0.73636 0.85671 1.35359 0.59840

25 8.6770-03 4.7526.400 0.94422 1.01773 0.75124 0.96649 1.33038 0.61499
26 9.6000--03 4.9165"*00 0.94231 1.01689 0.76570 0.87606 1.30903 0.63064
27 1.03300-02 5.2247"400 0.94422 1.01557 0.79215 0.99304 1.21096 0.66346
28 1.1150-02 5.43280300 0.94690 1.01499 0.80950 0.90390 1.24682 0.68647
29 1.1890"-02 5.61494*00 0.95482 1.01345 0.82438 0.91250 1.22521 0.71112
30 1.2800--02 5.7227-*00 0.97039 1.01240 0.03306 0.91734 1.21257 0.73412
31 1.3540--02 6.0583-+00 #.99281 1-01140 0.85950 0.93260 1.17733 0.77852
32 1.4470--02 6.2464-400 0.99140 1.01040 0.87397 0.94045 1.15792 0.8052C
33 1.5Z40-OZ 6.3991-400 0.99331 1.00935 0.18554 0.94647 1.14235 0.2299
34 1.6030--02 6.7165.*00 0.99618 1.00827 0.90909 0.95883 1.11242 0.85864
35 1.6800-02 6.9615'+00 0.99809 1.00709 0.92686 0.96764 1.08994 0.88610
36 1.7570-Oz 7.2054*+00 0.99809 1.00601 0.94421 0.97603 1.06852 0.91169
37 1.8420-"02 7.4600-*00 0.99713 1.00482 0.96198 0.98431 1.04695 0.93747
38 1.9160"-02 7.7132-+00 0.99713 1.00413 0.97934 0.99237 1.02678 0.96371
39 2.0100"-02 7.7132-+00 1.00095 1.00283 0.97934 0.99172 1.02545 0.96803
40 2.010*-02 7.9710-+00 0.99905 1.00219 0.99669 0.99957 1.00578 0.99288
41 2.1640-02 7.9710"00 0.99905 1.00112 0.99669 0.99903 1.00470 0.99341

0 42 2.Z350*-02 8.0207-+00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
43 2.4010"-02 8.0207"*00 1.00478 0.99764 1.00000 0.99882 0.99764 1.00597
44 2.5730"-O2 7.9276-*00 1.01719 0.99562 0.99380 0.99495 1.00231 1.00973
45 2.73501-02 T.88460+00 1.02388 0.99315 0.99091 0.99237 1.00294 1.01308
46 2.90001-02 7.8846-+00 1.02483 0.09143 0.99091 0.99151 1.00121 1.01490

47 3.0560"-02 7.9278-+00 1.01815 0.98983 0.99380 0.99205 0.99647 1.01363
48 3.2130*-02 8.0207"+00 1.00860 0.98971 1.00000 0.99484 0.98971 1.01383
49 3.35400-02 8.1079"900 1.00287 0.98980 1.00579 0.99753 0.9365 1.01702
50 3.51000-02 8.1518".00 0.99809 0.98976 1.00868 0.99882 0.99054 1.01669
51 3.6690"-02 8.1957-+00 0.99427 0.98974 1.01157 1.00011 0.97746 1.01730

52 3.8290-02 8.1957"+00 0.99523 0.98974 1.01157 1.00011 0.97746 1.01828
53 3*9870--02 0.2398**00 0.99140 0.98972 1.01446 1.00140 0.97441 1.01886



12H-8 9601-C-6

86010110 FERNANDO/SNITS PROFILE TABULATIDN 53 POINTS, OLT4 AT POINT 43

r V PT2/P P/PD TO/TOD M/MD U/UD T/TO 9/kO*U/UO

1 O.000O*00 l.O000"O0 1.00000 1.04001 0.00000 0.00000 2.34522 0.03000
2 2.2700 -04 2.1825.*00 1.00000 1.03050 0.44671 0.60896 1.85839 0.32768
3 3.7100"-04 2.4693*+00 1.00000 1.03166 0.48743 0.65251 1.79206 0.36411
4 5.6310-04 2.66581+00 1.00000 1.03063 0.51297 0.67904 1.74710 0.38809
5 7.4710"-04 2.8145"00 1.00000 1.03063 0.53134 0.69605 1.71608 0.40560
6 9.4710O-04 2.8744-00 1.00000 1.02994 0.53852 0.70272 1.70278 0.41269
7 1.1630-03 2.0833e+00 1.00000 1-02956 0.55130 0.71470 1.68062 0.42526
8 1.34701-03 3.1807-+00 0.97660 1.02994 0.57365 0.73546 1.64369 0.43697
9 1.5470"-03 3.2205*00 0.97310 1.02921 0.57804 0.73917 1.63518 0.44024

10 1.7470"-03 3.2716"00 0.97190 1.02912 0.54367 0.74415 1.62570 0.44438

11 1.9390-03 3.2864"*00 0.97040 1.02898 0.54523 0.74552 1.622S2 0.44580
12 2.1790*-03 3.3756"00 0.96810 1.02899 0.59481 0.75430 1.60699 0.45426
13 2.5150"-03 3.5395*+00 0.9664) 1.02832 0.61198 0.76962 1.57744 0.47088
14 2.8680-03 3.5511"+00 0.96690 1.02814 0.61317 0.76957 1. 5751 0.47239
15 3.2840"-03 3.6767-+00 0.96710 1.02764 0.62535 0.78017 1.55346 0.41569
16 3.7320m-03 3.7324- 00 0.97340 1.02712 0.63154 0.70462 1.54354 0.49490
17 4.1640"-03 3.7767-+00 0.97830 1.02623 0.63593 0.78700 1.53507 0.50213
18 4.5480*-03 3.8907+00 0.94110 1.02570 0.64711 0.73600 1.51617 0.51560
19 4.87601-03 3.9361"+00 0.93260 1.02507 0.65150 0.80009 1.50316 0.52127
20 5.2600-03 3.9818-*00 0.98560 1.02423 0.65539 0.80326 1.499s8 0.52734
21 5.7480"-03 4.1593-+00 0.95810 1.02418 0.67265 0.81640 1.47307 0.54762
22 6.1480*-03 4.2438"00 0.99630 1.02396 0.68104 0.82276 1.45949 0.55631
23 6.8600"-03 4.39001+00 0.93410 1.02237 0.69391 0.93176 1.43719 0.56954

24 7.7090*-03 4.612"+00 0.98430 1.02179 0.71417 0.84644 1.40497 0.59339
25 8.5330"-03 4.9165'+00 0.99380 1.02062 0.73972 0.86408 1.36443 0.630
26 9.2370"-03 5.0500"+00 0.98810 1.0203 0.75090 0.37149 1.34693 0.63929
27 1.0170*-02 5.1905-+00 0.99230 1.018.1 0.75248 0.87848 1.32744 0.65669
28 1.09500-02 5.3978+00 0.99030 1.01720 0.77924 0.89908 1.30177 0.67659
29 1.1690'-02 5.579Z"+00 0.93930 1.01606 0.79351 0.89777 1.27970 0.69434
30 1.2580"-02 5.9049*+00 0.98830 1.01514 0.81976 0.912;1 1.24321 0.72573
31 1.3260*-02 6.2464*+00 0.98630 1.01423 0.84431 0.92764 1.20713 0.75794
32 1.4190"-02 6.3608"+00 0.9qI60 1.01234 0.85269 0.93138 1.19435 0.76536
33 1.4940"-02 6.5986-+00 0.98060 1.01137 0.86936 0.94110 1.17049 0.78842
34 1.5770"-02 6.9615-+00 0.97910 1.01040 0.89541 n.95423 1.13570 0.822,5
35 1.6580"-02 7.2878 .00 0.97610 1.00974 0.91776 0.96557 1.10699 0.85148
36 1.7250"-02 7.4600-*00 0.97540 1.0087q 0.92934 0.97097 1.09160 0.86761
37 1.8170"-02 7.5860-+00 0.97680 1.00738 0.93772 0.97447 1.07991 0.88143
38 1.8900 -02 9.0207"+00 0.97810 1.00672 0.96607 0.98792 1.04554 0.92411
39 1.9760"-02 8.1518 +00 0.98010 1.00542 0.97445 0.93110 1.03446 0.93901
40 2.0580"-02 8.19571+00 0.98530 1.00431 0.97725 0.93194 1.03010 0.94871
41 2.1290"-0z 8.2398u 00 0.99130 1.00363 0.93004 0.99280 1.02620 0.95933
42 2.2200"-0Z o .372 +00 0.99550 1.00233 0.98842 0.99597 1.01534 0.976S1

3 43 2.3670"-02 3.5583"+00 1.00000 1.0000 1.00000 1.00000 1.00000 1.00030
44 2.5420*-02 8.5583"+00 1.00100 0.99759 1.00000 0.99894 0.99789 1.00206
45 2.6970"-02 9.6486-+00 1.00100 0.99593 1.00559 1.00042 0.93975 1.01179

46 2.85301-02 8.6034"00 1.00200 0.993)4 1.00279 0.99820 0.99086 1.0%942
47 3.0160"-0Z 8.6486"400 1.00100 0.99193 1.00559 0.99841 0.98578 1.01383

48 3.1630"-02 8.6486"+00 1.00100 0.99103 1.00559 0.90841 0.98578 1.01383
49 3.3290"-02 8.6486"+00 1.00600 0.99133 1.00559 0.99841 0.98578 1.01889
50 3.4790"-02 8.6034"400 1.00300 0.99162 1.00279 0.98703 0.9854 1.01161
51 3.6370"-02 8.6940w 00 0.99500 0.99203 1.00838 0.99968 0.98282 1.01207
52 3.80401-02 8.6940-+00 0.93530 0.99233 1.00838 0.99958 0.98282 1.Ou2Zl
53 3.9560"-02 8.7395* 00 0.90460 0.99172 1.01113 1.00074 0.97947 1.00599



860 1-C-7 12H-9

86010102 Fernando/Saits Turbulence Data

I - 1.17101+00 TrKU - 1.94103+01 310 - 4.14881-01 UR57 - 5.6940Z+02 NM19- 1.67791-05

I y N U (RU), I U'2 U:
0r83 RV U? RV UT2 UT2

1 1.24105-3 1.40703+0 6.78061-1 5.29741+0 6.84929+0 4.83513+0
2 2.49001-3 1.52801+0 7.18021-1 5.26165+0 5.44303+0 3.60415+0
3 3.71901-3 1.6300540 7.49162-1 5.69121+0 5.33109+0 3.3617N+0
4 4.94801-3 1.70803+0 7.71283-1 6.00441+0 5.17023+0 3.13671+0

5 6.16003-3 1.80401+0 7.97175-1 5.95129+0 4.32428+0 2.52335+0
6 7.39202-3 1.89601+0 8.20175-1 6.41005+0 4.27555+0 2.3880+0
7 8.61603-3 1.95001+0 8.33071-1 6.60931+0 4.11965+0 2.23312+0
8 9.83501-3 2.02605+0 8.5042Z-1 6.81805+0 3.85331+0 2.01911+0
9 1.10505-2 2.09703+0 8.65691-1 7.11052+0 3.71205+0 1.88261+0

10 1.22505-2 2.18305+0 8.83355-1 7.43841+0 3.5155+0 1.71711+0
11 1.34503-2 2.24703+0 8.95451-1 7.36425+0 3.11775+0 3.48915+0
12 1.46702-2 2.31705+0 9.08541-1 7.11155+0 2.60301+0 1.21261+0
13 1.58802-2 2.40102+0 9.22923-1 7.50411+0 2.53481+0 1.14135+0
14 1.70701-2 2.45005+0 9.30952-1 7.29795+0 2.21001+0 9.72605-1
15 1.82702-2 2.50305+0 9.39285-1 6.59863+0 1.63193+0 6.90321-1
16 1.94801-2 2.55001+0 9.46321-1 5.93235+0 1.20231+0 4.90162-1
17 2.06708-2 2.57001+0 9.68705-1 4.55821+0 6.81515-1 2.72805-1
18 2.18408-2 2.60605+0 9.53565-1 3.74901+0 4.33728-1 1.70365-1

D 19 2.30505-2 2.61801+0 9.54653-1 2.65205+0 2.13691-1 8.37651-2
20 2.42508-2 2.62101+0 9.54361-1 1.93441+0 1.13525-1 4.46083-2
21 2.54402-2 2.64105+0 9.56741-1 1.46572+0 6.34581-2 2.48383-2
22 2.66403-2 2.64601+0 9.56745-1 1.21091+0 4.30801-2 1.68663-2
23 2.78303-2 2.64801+0 9.56343-1 1.19983+0 4.21383-2 1.64745-2
24 2.90501-2 2.65301+0 9.56245-1 1.13021+0 3.70231-2 1.44095-2
25 3.02201-2 2.65301+0 9.55753-1 1.19483+0 4.13751-2 1.61071-2
26 3.14101-2 2.66103+0 9.5684Z-1 1.12021+0 3.61462-2 1.41111-2
27 3.2580Z-2 2.66705+0 9.57731-1 1.15331+0 3.82578-2 1.5014E-2
28 3.37802-2 2.66805+0 9.57835-1 1.13361+0 3.71692-2 1.4686E-2
29 3.49705-2 2.67303+0 9.5862Z-1 1.07971+0 3.35802-2 1.32941-2
30 3.61901-2 2.67903+0 9.59511-1 1.16871+0 3.88741-2 1.5308-2

31 3.74103-2 2.67901+0 9.5941Z-1 1.21221+0 4.16022-2 1.62952-2

I

86010103 rernando/Saits Turbulence Data

2 - 1.19701+00 01Au = 1.82172+01 R80 - 4.7005E-01 URE - 5.69405+02 M039- 1.68355-05

I Y m U (RU)' R U'2 U'2
URE3 IV UT 3V T2 72

1 1.25301-3 1.33603+0 6.54703-1 5.38691+0 7.99511+0 5.83721+0
2 2.46601-3 1.44701+0 6.93081-1 5.60013+0 7.17221+0 4.98841+0
3 3.69803-3 1.54901+0 7.26005-1 5.71323+0 6.27445+0 4.16921+0
4 4.93103-3 1.66503+0 7.60805-1 6.20051+0 6.05811+0 3.82421+0
5 6,13401-3 1.73805+0 7.81093-1 6.26153+0 5.49542+0 3.38535+0
6 7.35103-3 1.82901+0 8.05351-1 6.33631+0 4.84975+0 2.88991+0
7 8.5940N-3 1.91108+0 8.25533-1 6.67041+0 4.68225+0 2.69513+0
8 9.78401-3 2.00202+0 8.4691Z-1 7.01165+0 4.43831+0 2.45812+0
9 1.10103-2 2.05905+0 8.59443-1 7.22111+0 4.28223+0 2.31785+0
10 1.22001-2 2.12701+0 8.73661-1 7.31671+0 3,94221+0 2.08042+0
11 1.34203-2 2.22003+0 8.92655-1 7.79873+0 3.84301+0 1.95231+0
12 1.46101-2 2.27001+0 9.01703-1 7.31235+0 3.11281+0 1.54891+0
13 1.58301-2 2.33109+0 9.12745-1 7.38633+0 2.83963+0 1.36005+0
14 1.70305-2 2.39201+0 9.23283-1 6.87913+0 2.20531+0 1.01761+0
15 1.82101-2 2.45803+0 9.34223-1 6.47845+0 1.76833+0 7.79895-1
16 1.940OZ-2 2.50703+0 9.41781-1 5.56841+0 1.19345+0 5.21101-1
17 2.05905-2 2.54005+0 9.46453-1 4.88592+0 8.72371-1 3.75855-1
18 2.17801-2 2.55805+0 9.48645-1 3.40235+0 4.13251-1 1.77595-1
19 2.29702-2 2.57905+0 9.51429-1 2.42965+0 2.04113-1 8.70872-2

D 20 2.41601-2 2.59001+0 9.52325-1 1.73301+0 1.02251-1 4.34841-2
21 2.53703-2 2.60109+0 9.53113-1 1.53141+0 7.83731-2 3.31291-2

22 2.65701-2 2.61205+0 9.54011-1 1.26362+0 5.25961-2 2.21935-2
23 2.77702-2 2.61603+0 9.53911-1 1.15831+0 4.39761-2 1.85521-2
24 2.89608-2 2.61101+0 9.52221-1 1.00983+0 3.35685-2 1.41375-2
25 3.01403-2 2,60509+0 9.51033-1 9.70773-1 3.12261-2 1.31565-2
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86010104 Fernando/Saits Turbulence Data

X - 1.2230E+00 UTU - 1.74381+01 R80 = 5.1927E-01 UREF = 5.6940E+02 RUEW= 1.6935E-05

I 7 U (RU)' R U'2 U'2
URE1 RU UT RU UT2 UT2

1 3.81001-4 1.07701+0 5.55541-1 2.76891+0 3.14411+0 2.5232+0
2 1.18401-3 1.28001+0 6.35871-1 5.31951+0 8.4952+0 6.32001+0
3 2.39401-3 1.39001+O 6.75243-1 5.96751+0 8.82481+0 6.19831+0
4 3.64701-3 1.5060+0 7.13618-1 6.46721+0 8.59971+0 5.78801+0
5 4.87601-3 1.59301+0 7.41121-1 6.44758+0 7.38291+0 4.79403+0
6 6.08501-3 1.68301+0 7.67231-I 6.22031+0 5.94101+0 3.73753+0
7 7.30501-3 1.77501+0 7.92551-1 6.69561+0 5.93941+0 3.62251+O
8 8.53501-3 1.85801+0 8.14071-1 6.86411+0 5.43311+0 3.20443+0
9 9.74501-3 1.9440E+0 8.35001-1 7.34951+0 5.37681+0 3.05393+O
10 1.09701-2 2.01001+0 8.50151-1 7.25271+0 4.65991+0 2.55771+0
11 1.21601-2 2.10801+0 8.7178E-1 7.64451+0 4.32721+0 2.24461+0
12 1.33701-2 2.1520E+0 8.8055E-1 7.89271+0 4.24521+0 2.14043+0
13 1.45601-2 2.2150E+0 8.92911-1 7.86411+0 3.81281+0 1.8787E+0
14 1.57901-2 2.29701+0 9.08461-1 7.4833E+O 3.03641+0 1.4528E+0
15 1.6980-2 2.37201+0 9.2171E-1 6.96291+0 2.34201+0 1.09331+O
16 1.81701-2 2.4210E+O 9.29891-1 6.30261+O 1.78911+0 8.25791-1
17 1.93601-2 2.47701+O 9.38861-1 5.22301+O 1.13281+0 5.14741-1
18 2.05401-2 2.50301+0 9.42441-1 3.93851+0 6.23841-1 2.83161-1

D 19 2.17301-2 2.53301+0 9.4673E-1 2.58221+0 2.57193-1 1.1602E-1
20 2.29201-2 2.5400E+0 9.4713E-1 2.05271+0 1.6187E-1 7.3332E-2
21 2.41401-2 2.55501+0 9.4882E-1 1.43833+0 7.82011-2 3.54581-2
22 2.53201-2 2.56001+0 9.48821-1 1.30601O0 6.42331-2 2.91803-2
23 2.65301-2 2.56901+0 9.4962E-1 1.08411+0 4.37061-2 1.9826E-2
24 2.77301-2 2.57501+0 9.49821-1 9.7821E-1 3.53631-2 1.60441-2
25 2.89001-2 2.57601+0 9.4922E-1 1.03261+0 3.94461-2 1.7926E-2
26 3.00901-2 2.5810E+0 9.4952E-1 9.64611-1 3.41261-2 1.5477E-2
27 3.1270E-2 2.58201+0 9.49521-1 1.03031+0 3.90771-2 1.7803E-2
28 3.24601-2 2.58801+0 9.50421-1 1.06401+0 4.1600E-2 1.90501-2
29 3.36601-2 2.59701+0 9.51811-1 1.12241+0 4.61011-2 2.12411-2
30 3.48501-2 2.5970E+0 9.51811-1 1.10851+0 4.54101-2 2.11351-2
31 3.60601-2 2.60601+0 9.53111-1 9.48931-1 3.28881-2 1.5284E-2

86010106 Fernando/Suits Turbulence Data

X = 1.27501+00 UTAU = 1.7351E+01 RHOW = 5.63651-01 UR. = 5.6940E+02 8EW= 1.7043K-05

I 7 U (RU)' R U'2 U'2
UREF RW UT RW UT2 UT2

1 1.17001-3 1.24101+0 6.24081-I 4.84621+0 7.5130E+0 5.68321+0
2 2.38903-3 1.36301+0 6.68961-1 5.68221+0 8.52671+0 6.17321+0
3 3.63801-3 1.47203+0 7.06211-1 5.9764E+0 7.93761+0 5.53731+0
4 4.86401-3 1.54701+0 7.29851-1 6.30201+0 7.75071+0 5.21371+0
5 6.09701-3 1.62201+0 7.52591-1 6.19771+0 6.5845E+0 4.27683+0
6 7.31401-3 1.70101+0 7.75421-1 6.76471+0 6.87311+0 4.32531+0
7 8.51801-3 1.79201+0 8.00361-1 6.76803+0 5.89233+0 3.56711+0
8 9.72801-3 1.87901+0 8.22801-1 7.21461+0 5.77261+0 3.36161+0
9 1.09801-2 1.94801+0 8.39631-1 7.64541+0 5.7427100 3.23481+0
10 1.21503-2 2.00601+0 8.52651-1 7.80611+0 5.41681+0 2.96871+0
11 1.33401-2 2.10000O 8.73681-1 8.27711+0 5.16861+0 2.7052E+0
12 1.45501-2 2.14301+0 8.82391-1 7.97631+0 4.4420100 2.26891+0
13 1.5770Z-2 2.22201+0 8.98021-1 8.23081+0 4.12801+0 2.02781+0
14 1.69SOE-2 2.28301+0 9.09441-1 7.5775+0 3.14271+0 1.49271+0
15 1.81401-2 2.33903+0 9.19451-1 6.74641+0 2.26061+0 1.04241+0
16 1.93501-2 2.3760E+0 9.25761-1 5.29251+0 1.30813 0 5.93621-1
17 2.05401-2 2.40701+0 9.30671-1 4.25501+0 8.05721-1 3.61621-1
18 2.17201-2 2.43601+0 9.3488E-1 3.40981+0 4.95181-1 2.2005-1

D 19 2.29101-2 2.45201+0 9.36881-1 2.06411+0 1.78221-1 7.92661-2
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86010108 Fernando/Saits Turbulence Data

X - 1.32401+00 UTAU = 1.8581E+01 RHOV - 5.2717E-01 UREF = 5.69401+02 NUEW= 1.71011-05

1 y K U (RU), 8 U12 U'2
UREl RV UT R8 UT2 UT2

1 1.19401-3 1.34501+0 6.64441-1 4.98601+0 6.73401+0 4.8923E+0
2 2.39501-3 1.44601+0 6.9937E-1 4.92341+0 5.60611+0 3.9388E+0
3 3.63301-3 1.53201+0 7.2727E-1 5.36241+O 5.73711+0 3.87241+0
4 4.86701-3 1.59301+0 7.46041-1 5.64841+0 5.70231+0 3.7252E+0
5 6.07101-3 1.6710Z+0 7.69031-1 5.90332+0 5.48621+0 3.4867E+0
6 7.28401-3 1.75101+0 7.9141E-1 6.30681+0 5.4904E+0 3.38441+0
7 8.51901-3 1.8200E+0 8.09781-1 6.46631+0 5.14741+0 3.0895E+0
8 9.72301-3 1.87701+0 8.2403E-1 6.86911+0 5.27571+0 3.0895E+0
9 1.09401-2 1.96301+0 8.44909-1 7.20021+0 4.9885E+0 2.80561+0
10 1.21401-2 2.01501+0 8.56651-1 7.23201+0 4.6064E+0 2.5299E+0
11 1.33501-2 2.09201+0 8.7351E-1 7.72781+0 4.59951+0 2.4313E+O
12 1.45501-2 2.16401+0 8.88461-1 7.69712+0 4.03761+0 2.06381+0
13 1.57701-2 2.22901+0 9.01311-1 7.44091+0 3.38651+0 1.68451+0
14 1.69501-2 2.2930E+0 9.13361-1 7.19241+0 2.85391+0 1.3827E+0
15 1.81501-2 2.34801+0 9.23091-1 6.51891+0 2.13871+0 1.01071+0
16 1.93301-2 2.40501+0 9.3293E-1 6.17901+0 1.7511E+0 8.0730E-1
17 2.05201-2 2.45001+0 9.4005E-1 5.08911+0 1.10181+O 4.97351-1
18 2.16901-2 2.46901+0 9.42661-1 4.1600+0 7.11881-1 3.17861-1

D 19 2.28801-2 2.47801+0 9.4337Z-1 3.01741+0 3.6863E-1 1.63561-1
20 2.40901-2 2.48301+0 9.4357-1 2.71839+0 2.93201-1 1.2834E-1
21 2.52801-2 2.48801+0 9.43771E-1 1.76251+0 1.19781-1 5.12581-2
22 2.64801-2 2.47601+0 9.4096Z-1 1.47092+0 8.35691-2 3.53051-2
23 2.7680K-2 2.46401+0 9.38051-1 1.05871+0 4.35691-2 1.82543-2
24 2.88601-2 2.4690+0 9.3825Z-1 1.07071+0 4.4057E-2 1.83611-2
25 3.00401-2 2.46901+0 9.37751-1 9.40351-1 3.40601-2 1.42291-2
26 3.12101-2 2.47201+0 9.3815Z-1 9.0584Z-1 3.15511-2 1.3208E-2
2' 1.24191-2 2.4160+0 9.38751-1 9.45411-1 3.42971-2 1.43921-2
28 3.3610-2 2.47603+0 9.38751-1 9.61801-1 3.55941-2 1.49791-2
29 3.48101-2 2.47601+0 9.38751-1 1.03751+0 4.13521-2 1.73711-2
30 3.60102-2 2.46901+0 9.37551-1 1.00811+0 3.93581-2 1.6534E-2

86010109 Fernando/Saits Turbulence Data

X - 1.34901+00 UTAU - 1.88771+01 RHOV - 5.17781-01 UREF - 5.69401+02 INE- 1.68861-05

1 y K U (RU)' R U12 U'2
UllY RW UT RV UT2 U?2

1 3.81001-4 1.17001+0 5.92691-1 3.23991+0 3.74101+0 2.9025E+0
2 1.20601-3 1.36701+0 6.66761-1 4.8497E+0 6.13281+0 4.40511+0
3 2.42801-3 1.48703+0 7.07283-1 4.89141+0 5.15771+0 3.55441+0
4 3.67201-3 1.54501+0 7.25501-1 5.24891+0 5.36121+0 3.58761+0
5 4.88701-3 1.61201+0 7.45911-1 5.47811+0 5.18381+0 3.35343+0
6 6.11101-3 1.69201+0 7.69011-1 6.22961+0 5.88391+0 3.69611+0
7 7.34301-3 1.75801+0 7.87131-1 6.05671+0 4.98161+0 3.05041+0
8 8.57401-3 1.81301+0 8.01271-1 6.5491E+0 5.30761+0 3.17321+0
9 9.78201-3 1.26901+0 8.15301-1 6.58981+0 4.88261+0 2.84811+0

10 1.10101-2 1.95201+0 8.35521-1 7.1846E+0 5.02339+0 2.80491+0
11 1.22101-2 2.00201+0 8.46771-1 7.48561+0 4.91151+0 2.64291+0
12 1.34101-2 2.06701+0 8.61001-1 8.22321+0 5.19341+0 2.65561+0
13 1.45901-2 2.11901+0 8.71951-1 7.9973E+0 4.44251+0 2.1916E+0
14 1.58201-2 2.1850+0 8.85001-1 7.88351+0 3.84569+0 1.83221+0
15 1.70001-2 2.25403+0 8.98242-1 7.61961+0 3.18541+0 1.4646+0
16 1.82001-2 2.31701+0 9.09691-1 7.52061+0 2.79201+0 1.24691+0
17 1.93901-2 2.37001+0 9.19051-1 6.66551+0 2.00671+0 8.73821-1
18 2.05601-2 2.39701+0 9.23231-1 5.74851+0 1.42211+0 6.09651-1
19 2.17701-2 2.41301+0 9.25521-1 4.37491+0 8.01301-1 3.40751-1

D 20 2.29601-2 2.42001+0 9.2582Z-1 3.53991+0 5.16731-1 2.18141-1
21 2.41601-2 2.41901+0 9.24821-1 2.32411+0 2.21991-1 9.3231E-2
22 2.53501-2 2.40801+0 9.22331-1 2.03461+0 1.71371-1 7.16141-2
23 2.65601-2 2.40101+0 9.20341-1 1.38101+0 7.92361-2 3.29551-2
24 2.77701-2 2.39801+0 9.18952-1 1.21021+0 6.08611-2 2.52181-2
25 2.89401-2 2.39809+0 9.18351-1 1.02531+0 4.36131-2 1.80411-2
26 3.01301-2 2.40301+0 9.18751-1 1.05791+0 4.6213Z-2 1.91391-2
27 3.13103-2 2.41201+0 9.20041-1 9.53501-1 3.71771-2 1.54191-2
28 3.25001-2 2.42401+0 9.22131-1 9.43201-1 3.59251-2 1.49173-2
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M(inf): 1.76 rising to 2.1 8602
R Theta . 10-3: 5

TW/TR: 1.0 FPG

Continuous tunnel with asymmetrical nozzle. W = 150 mm,. H = 100 m

PO: 40 KN/m. TO: 296 K. Air. Re/m - 10-6: 0.4.

DUSSAUGE J.-P., GAVIGLIO J., 1987. The rapid expansion of a supersonic turbulent

flow: Role of bulk dilation. J. Fluid. Mech. 174, 81-112.

And: Dussauge (1981), Dussauge J.-P., private communications.

I The tests were conducted on a continuation of the lower, straight, tunnel nozzle block.
The models started 512 mm from the nozzle throat, continuing in the plane of the tunnel
floor. At a point 640 mm from the throat the surface turned down sharply at an angle of
12

° 
forming the expansion corner (X = 0), round which the flow accelerates from M = 1.76

to M = 2.1. At about a further 120 m along the tunnel axis the surface curved back to
the free stream direction. The reflection of the expansion fan returned to the test
surface downstream of this point. The models ran across the full width of the tunnel,
150 sm. Two geometrically identical models were used, one with pressure tappings, thefother with thermoc-iples.

3 Transition was forced by a sand-paper strip upstream of the throat. After the nozzle
expansion, the boundary layer grew under essentially ZPG conditions, reaching the corner

2 with a thickness of about 10 mm. Small disturbances in the flow which showed up in
schlieren studies corresponded to Mach number perturbations of less than 1%. The free-
stream turbulence level for velocity fluctuations was less than 0.1% above 100 lz. The
temperatures were allowed 15 minutes to settle so that the flow was effectively adiabatic.
The wall temperature was constant to within 0.5 K over a distance of 100 mm. "Surface

5 flow visualisations showed no particular spanwise streamline divergence".

6 Wall pressure was measured at 11 stations along the model with tappings (d = 0.3 mm) on
the centreline and 20 or 40 mm to either side. Wall temperature was measured at 6 stations
upstream and 6 downstream of the corner.

7 Pitot profiles were measured with a FPP (h, = 0.28, h2 
= 
0.08, b, = 2.12, b2 = 1.92 Mm,

I, appr. 20 m). (A wedge static probe is shown but the results were discarded because of
yaw sensitivity in the expansion.) The mean total-temperature profile was measured with a
fine wire probe, I 1.5 mm d = 5 inm. For fluctuation measurements a normal HWP was used
(Platinum plated tungsten, d = 2.5 pm, 1/d = 320), operated in the coastant-current mode
and with the signal processed as described by Gaviglio (1971, 1978), following Laufer
(1961). The band-width claimed is 100 Hz - 200 kHz.

8 Mean flow profiles were obtained at the stations listed in section B. Profiles 01-09 are
measured normal to the upstream wall, 10-23 normal to the sloping surface, with 09 & 10
at the corner. Turbulent intensities were measured at a station well upstream of the
corner, near profile 03, just upstream, at X = -10, -5 mm (profiles 07, 08) and downstream
at X = 6, 15, 31.3, 61.5, 89.5 and 98 mm (Profiles 11, between 12 & 13, 14,17, 20 and 21).

The authors obtained static pressure values in the free stream from Pitot readings, and
these are used everywhere outside the expansion. Where wall pressure was measured, the

9 values were consistent. Within the expansion, pressures were calculated from the method
of characteristics for rotational flow. The corresponding calculated Pitot pressures

10 agreed with measured values to within 3%. No corrections were applied to the profile data.

12 The editors have accepted the data as supplied, incorporating the authors' assumptions
14 and reduction procedures. We have chosen to give their skin-friction values as deduced

from the profiles, hand fitted to the log-law upstream of the expansion and using the
13 correlation of Chew (1978) downstream. We present all the profiles measured normal to the

wall and the associated turbulence profiles, when available. They form a single series
covering the approach to a centred expansion, the expansion itself and the recovery region
downstream. Turbulence measurements were also made along the last characteristic of the
rxpansion and along two streamlines, one close to the wall and one at about Y/D = 0.5,
but have not been presented here.
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§ DATA: 86020101-0123. Pitot and TO profiles, NX = 23. Normal hot-wire profiles, NX = 4.

15 Editors' coments:

While there have been many studies of boundary layers subjected to rapid compression by
shock waves, this, with the exception of the weaker case in Chew & Squire (1979), CAT7902S,
Series 01/02, appears to be the only reasonably fully documented study of a boundary layer
passing through a concentrated, centred, expansion. Reflected wave cases are reported by
Thomas, CAT7401, and Lewis et al., CAT7201.

Upstream influence by the subsonic layer next to the wall appears to be small, so that
the boundary layer experiences a rapid distortion closely related to the corresponding
ideal flow model. The authors refer to the effect as "relauinarisation', but the boundary
layer does not undergo "reverse transition" in the sense observed in some subsonic flows.
Turbulence levels are markedly reduced, and it is in the observation and prediction of
the ,hanges in the turbulence structure that the interest of the authors lies.

There are relatively few points in each profile, but for most stations the profile extends
within the momentum deficit peak. The Reynolds number is low, but the H12K values are
characteristic of fully developed mean flow. Integral values in the range where the
profile goes through the expansion should be ignored (0109-0112) because of normal pressure
gradient effects. The upstream profiles agree well with the inner and outer laws (figs.
10.1.5-6), as they should with a profile derived CF value. The downstream profiles, where
CF values are given, for the same reason, fit the wall law well. The .uter profiles retain
the characteristics of an accelerated flow, relaxing slowly towards the ZPG profile. Some
small differences are accounted for as the authors useda "non-standard" log-law additive

constant (C = 5.7). The turbulence data, profiles of u'
2 

and T'
2
, are given in

figures (11.2.8-9).

06020108 Dussauge/Gaviflio Turbulence Data 86020114 Dussauge/Gaviolio

X --5.00009-03 TW - 2.8485E-02 UIOF - 4.7855E+02 X - 3.13005-02 70 - 2.81149-02 0IF . 4.7855E-02

I U12 V2 R.TU I Y U2 T'2 R.T
U01r2 TV2 UIF2 732

1 3.00009-3 3.4628t-3 1.305S5-3 -8.0300"-1 1 6.00009-4 2.6T15-3 1.2174-3 -8. *OWE-l
2 3.0000-3 2.96819-3 1.3179E-3 -1.6400E-1 2 '.00005-4 1.18725-3 8.2018E-4 -8.00005-1
3 3.00005-3 2.70105-3 1.28081-3 -7.5700-1 3 8.0000%-4 2.07771-3 1.9405Z-3 -1.00001.0
4 3.S005-3 2.5427E-3 0.2315S-3 -7.410021 4 8.00005-4 2.77029-3 2.0800E-3 -9.6000-1
5 4.00009-) 2.63171-3 1.2108E-3 -8.0300E-1 5 1.50005-3 1.0191E-3 1.1034E-3 -8.9000-1
6 4,0000

]
-3 2.51305-3 1.19025-3 -7.3700E-1 6 1.60001-3 8.11205-4 6.0034E-4 -6.80005-1

7 S.00005-3 2.26575-3 1.21085-3 -7.72005-1 1 S.15009-3 1.44455-3 9.38565-4 -7.90005-1
8 6.0000E-3 2.04805-3 1.2684Z-3 -8.08005-1 8 9.00005-3 1.0893E-3 9.0473E-4 -8.5000E-1
8 6.00005-3 2.30525-3 1.25201-3 -8.44002-1 9 1.20005-2 3.56175-4 4.5659-4 -8.9000-1

10 7.50005-3 1.25605-3 1.05025-3 -8.44005-1
11 8.00005-3 1.73145-3 1.0049Z-3 -8.6700-1
12 9.00008-3 3.3243E-4 5.23032-4 -8.780O5-1
13 1.005-2 3.27485-4 1.4867t-4 -8.500-1
14 1.00005-2 4.1185-4 2.90340-4 -9.5600Z-1

88020120 Dussauge/Gaviglio Turbulence Data 86020121 Da..a.8e/G.,illo

I - 9.900-02 7TV . 2.81515.02 007 - 4.70859.02 0 9.00005-02 TV - 2.8063E.02 UINF - 4.78555.02

S 0 U2 T'2 5.7 I Y U2 T2 R.TU

DIM2 TV2 UINF2 7V2

I 8.0080~-4 3.32435-3 1.46325-3 -8.50005-1 1 8.00001-4 3.96749-1 1.0275K-3 -0.81005-1
2 1.0OOO-3 2.84945-3 1.4674-3 -8.5600-1 3 1.00005-3 4.13565-3 1.50725-1 -8.84005-1
3 1.5000-3 1.2070-3 1.1545-3 -8.50005-1 3 1.0000-3 2.0561-3 1.20845-3 -8.54005-1
4 2.0000-3 4-65002-4 7.88515-4 -7.9000-1 4 1.5000-3 2.55-3 1.290 -3 -1.64005-1
5 2.00005-3 1.23679-3 9,74049-4 -7.9000-1 4 2.80005-3 1.1594-3 8.01956-4 -7.090O-1
6 3.00009-3 S.63945-4 7.21045-4 -7.70001-1 6 3.0000-3 7.67755-4 5.1605-4 -8.2000-1
7 3.00009-3 1.68211-3 1.04991-3 -8.30001-1 6 3.00005-3 7.67755-4 5.5164-4 -g.2700-1
8 :0001-" 1:.1151-41 $.7141.-4 -1.70001-1 7 4.00009-3 7.47969-4 4.6649-4 -9.69001-18 5.00005-3 1.14-34 0.7491-4 -7.8095-3 8 5.0000-3 8.37011-4 4.83715-4 -8.26005-1

10 8.0000-3 1.0695-3 6.36715-4 -S.30001-1 9 8.00005-3 8.73615-4 5.04935-4 -8.28009-1
10 1.00001-2 3.74959-4 4.41285-4 -8.80081-1
21 1.2000E-2 S.22271-4 3.30961-4 -8.60005-1
12 1.40005-2 6.92563-S 1.18815-4 -8.70005-1

....... ...
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CAT a02 OuSSAUE/GAVIGLIO 600NJAR0 CONOITIJNS AN3 EVALUATED 0TA, SI UNITS

RUN MD a TW/TR* ED24 CF VIZ H12K 94* 620

X P 0D P/PO 22 C As32 V72s T* TO
RI T0D* TAU * 02 P12 4Z 02K U TR

860Z0101 1.7586 1.0000 Z.9513-623 2.2206-03 2.4T17 1.3057 7.3927--03 7.3)11".01
-7.2309-02 3.9081.04 1.0002 4.2357"-03 N4 1.78042 1.7761 2.0625"2 1.8,160i
INFINITE 2.9810'.02 3.55403 1 7.87017-04 N4 0.5627 9.4131-04 4.7oSS50Z 2.8625-*2C

860Z0102 1.7682 1.0000 2.929".03 2.1206-03 2.6983 1.3577 7.3521 -03 7.3'$1T*03
-4.750s--o0 4 .00:04 1.0001 4.2161"*03 NV 17916 1.776 2.6483.02 07 1.'21C
INFINITE 2.0670 52 3.4120 .31 7.730r-64 NI 0.2426 4.0456-04 4.?V02.2 2.43 .12

86020103 1.7691 1.0002 2:9176::03 2.3190"-03 2.7167 1.3733 7. 3521.03 7.1?7"03
-5.2500-02 4.0235" 04 1.000 4.3042 .23 NV 1.7646 1.7752 2. 54r.72 I.82""02
ISFINITE 2.9730*02 3.330.32 7. 258"-04 N 0.0302 911.50"0 4.763 .02 2.84.0" *2

06020104 1.7686 1.0000 2:9693::03 2.2299'-03 2.695 1.3403 7.3521.:03 T.3517.0s
-4.2500--02 4.037T.04 i.001 N.27506 03 NM 1.7619 1.7726 2.8S10.02 1.9324'*02
INFINITE 1.97 9 002 3.5900*J1 7.8996"-O4 NV 0.0596 9.540.--04 4.006.02 2.8597-*02

06020105 1.75S 1.0000 2.3976:03 2. 023-03 2.7079 1.4001 7.4657*03 7.469T"*0
-3.2500-0Z 4.0122::04 1.00O 4.1539"03 N. 1.7690 1.7594 2.0641*;02 1.1850*02
INFINITE 2.502.02 3.I00 01 7.6T5-04 NV 0.0590 9.330-04 4.1I2 0z 20443 .02

0020 10 6 1 . 73S 1 .0 0 .96 13 :: 1 3 2 .2 13 - 0 3 . 66 14 1. 3 89 1 7.6 31 81: 0 3 . 30 * ' 0 V

- . 2 0O D -0 2 4 0 0 1 4 V D 4 1 .0 2 7 1 4 .2 5 6 3 " 0 3 N V 1 . 7 7 7 1 .7 4 0 284 4 4 0 2 1 . : 3 l0 2

INFINITE 2..030"00 6.6330" 01 7. 3954-U4 NV 0.)684 9.531r-04 3 .7140i*02 2.86'.02

06020107 1.77O3 1.0000 3.121j::03 2. 2324-03 -. 580 1.3970 714072.03

-I.0000 02 3.9030*04 0.199 4. 33 03 N4q .7444 2.8451.0 1.8040"*§
INFINITE 2.3810w02 3.330.01 A.333T7-04 N 0.096 1.041'03 4.732002 2 .8652'02

8602010, 1TS41 1.0000 3.32,*03 2. 08T.-03 2.Z866 1.4a2J 7.627 *03 7:6161::1
-.0000- 4.0060 "04 1.0001 1:i159t13 N; 2.7045 1.77 9 14185.o2 1.0361.02

INFINITE 1 .9660"0 3..1V0")l .7447,-G4 NV 0.0127 1.0403-03 .7454*02 2.R4V4.0
26020100 1.7379 0.0002 2.193 "63 NV 3.730' 1.2036 5.211 -3 7.6243".03

0.0000.00 3.7262-.04 0.6935 j.9659 -03 NM 1.8349 1.2. 4 2.641+,02 1.06 -
1NFINITE 2.9010*02 NM 7.4125G-04 NV 3.2616 9.6692"-04 4.7329.02 2.3 0 4 -(

06020100 1.73.5 1.100 2:578"0':3 NV 3.7474 1.35 5.2701"3 7.6:6'61 2
0-00000 3.9723.04 0.4648 8.67,9*03 NV 1.0494 1.8523 2.6577.G2 1.$ .,'C2
INFINITE 2.3?40- 02 NM s.78j8"-0. NV 0.0525 9.040-Q 4.7404".02 2.8D78"I2

86020111 1.7400 1.0200 2.503*O1 N4 557.8746 2.6123 4.03'I, 03 7.5 ',13'3
6.10000-03 3.98510- 3.5307 3.691a*21 NV -1.4521 1.4726 2, 02 1°045,03
INFINITE 2.9690-02 NN S.7865"-06 NM 12.1700 1.0322-04 4.7433.02 2.0415".02

86020112 1.1010 1.3000 7.76R3-.02 NV 16.2753 1.5167 8.96731.03 5.482Z'.7I
.0400w-Z 4.310"04 0.b719 1.1767".T3 N1 2.7938 1.7635 2O.233:02 3.721902

INFINITE 2.9630.02 4J 29S5I0-,4 09 0.3600 4.221r-04 5.01S5*0Z 2.0383'G0

94020113 2.1665 .000 2.u001"*o3 N 1.100 1.343 3.9190"303 3.31*03
1.9500--02 3.9776V-04 0.9990 .347203 NV 1.6401 1.6247 2.6250.00 1.5.4..20INF IN TE 2.9750--02 NM 711144-04 Nq0.,127 q..06850 .310 0) ..O Z

960101!4 . . 1.00 1 15:3 1;3116--01 13.3906 1.3576 4.036*03 4.0'6.05

3.30-2 .O~.0 1000 17366.03 N 1.4329 1.172 2.01"0 1.4T3.T
INIZTE 2.960002 3.0370".j2 5.03)9 -04 N 0.0075 1.0025-os 5.3595-02 2.113".02

66020115 2.1486 1.7000 7:2499*03 2.3097"-03 3.170 1.31L 4.036 01 4.0352':0
4.0600"-02 3-513.04 1.0204 3.7286.03 69 1.6346 1.6233 Z.8223".62 1.5443.42

INFINITE Z.9712-02 3.0120-.J1 V.1536-04 No 1.0625 1.0079m-03 5.35...0z 2.324'02

4020116 2.1596 1.0000 2.2151 03 2.3992-03 3.340 1.3225 3.79109 3.T19.03
5.0900-02 3.3049.04 1.0000 3.sM32*03 NV 1.0355 1.8205 2.021 0.02 1.537r.22
INFINTE Z.910"*32 J.0900".01 8.00T9M-04 NV 0.0601 1.0035.-os 5.348 -.02 2..2130z

96020117 .T17zl 1.0000 2.1949::0, 2.3303-03 3.2649 1.2155 3.9111.03 3.311l"23,
.150-01 4.0034"*04 1.0600 3 566 03 NV 1.5330 1.6174 2.:12"*22 o .525 602

ISiFINITO l3710"t02 3.0100".01 A.0806-04 NI 0.0390 1.0065-03 5. 3104 2.6 1a.02

I6Z0118 2.1994 1.0006 l.1094,03 2.31741-03 3.3077 1.3211 3.7693:13 3.7493.03
7.0808 -02 4.0266.*34 1.000 3.5609.33 N 1.3360 1.8211 2.9191.02 1.5101.u
16N170s 29710 02 2.9943 .1 7.9023 -34 NV 0.0599 9.0652-04 0.41-9*02 2.0191t07

0OZO119 2.5701 1.0000 2.2413::03 z. Z574-03 3.2001 1.3186 3.882003 3.823:0!
7.9100"-02 4.6119*04 1.0006 .T665.03 69 1.8290 1.0150 2.0206.02 1.5045*'O,

lININ TE 2.7o0402 2.9500-.)1 .307"-04 NV 7.0545 1.0413-09 5.39!.0'2 2.0204.22

66020120 2.2389 1.0000 z.Z651::33 21461"-03 J.4660 1.4211 3.R141".09 3.34103
8.0501.-02 4.0291.04 1.202 3.4i9T".3 N4 1.0010 1.0463 20151..02 l.1, '04
INFINITE Z.9660*02 Z.T600.*O 01 3810-9 NV 9.0324 1.0363-03 5.4012'02 2.0150.20

80z0121 2.2332 1.0000 2.2453"+03 2.1561-03 i.5037 1.3Z22 3.7045--03 3.54103-01
1.,000"-00 4.0103::04 1.0404 3.V6121J NV 1.8260 1.10 2.8763::0Z 1.431 '"02

1.1170 2-9600030 1. 8b05 *1 A .651-0. NV 0.0052 1.1077"-03 ._50.602 2 .406 0 02

402012Z 2.213 1.000 0.173403 2.2009"-00 3.5679 1.518 :.4451"03 3.:54 41
1.0040 -03 3.0997"0 1.2300 I.7'A"*O3 NV 1,9250 1.0039 2.90500 1.4700"'02
I NI IT E 2.9600-.02 .90o -+ 1 S 5 30 -04 Z M 0 .025 1.1019,-03 S.4726 02 Z.,051* 2

06020123 2.0039 1.0000 .43!9:*03 2.1375--03 3.3992 1.315 1.7326".03 13.71,0:24
1.1910.-Ol 4.01586"04 1.'00 6.1141S03 NV 1.0142 1.004 2*816 .02 1..CJ".12
INFINIOTE 2.990"2 -1130,1 .1o44-24 NV0.0402 1.176N-03 04227*0 29146C
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86020101 DUSSAUGE/GAVXGLrO PROFILE TABULATION 20 POINTS, DELTA AT POINT 14

I 7 PTZ/P P/PO TO/To3 /MO U/UO T/TD R/RD*U/UD

1 0.0000*0 1.0000"+00 1.00022 0.96026 0.00000 0.00000 1.55435 0.0000C
2 1.?193--04 1.7143"+00 1.00000 0.96310 0.51875 0.59970 1.33645 0.44873
3 6.0Z58-04 1.8045"400 1.00000 0.96947 0.54492 0.62742 1.32572 0.4T327
4 1.0060-03 2.0083"+00 1.00000 0.9744 0.59700 0.67881 1.29237 0.52504
S .00ZO-03 2.2280M"00 1.00000 0.979:0 0.64527 0.72441 1.26035 0.57477
6 2.0198 -03 2.4279".00 1.00000 0.983:3 0.68626 0.76186 1.23243 0.61817
7 2.57751-03 2.6252 "00 1.00000 0.9852. 0.72328 0.79391 1.20484 0.65993
8 3.0005"-03 2.7774"+00 1.00000 0.906)2 0.75034 0.91674 1.18481 0.68934
9 3.9846-03 3.1326".00 1.00000 0.99129 0.83942 0.86489 1.14177 0.75750

10 5.0244--03 3.,967.-00 1.00030 0.99530 0.86531 0.90797 1.10104 0.82465
11 6.0213u-03 3.SZZ0O00 1.03000 0.99849 0.91210 0.94218 1.06704 0.88219
12 7.0291"-03 4.1332 00 1.00000 1.001 1 0.95457 0.97168 1.03617 0.93776
13 8.0432-03 4.3684"+00 1.00000 1.00134 0.99537 0.99156 1.01257 0.97925

0 14 8.9697-03 4.48ZT4 00 1.00030 1.00000 1.00050 1.00000 1.00000 1.00000
15 1.0048-02 4.5249".00 1.00000 0.99699 1.00534 1.03178 0.99291 1.0083
16 1.2027--02 4.52261-00 1.00000 0.993o3 1.00506 0.99992 0.98979 1.01023
17 1.044-02 4.52261-00 1.00030 0.99236 1.00506 0.99958 0.98912 1.01057
1 1.6039-02 4.5249".00 1.03030 0.99295 1.00534 0.99975 0.98990 1.01097
19 1.8957-02 4.5294-+00 1.00000 0.9996 1.01591 1.01010 0.98848 1.01176
OC 1.9045-02 4.531T".00 1.00033 0.99296 1.03620 1.00027 0.98826 1.01216

86020105 DUSSAUGE/GAVIGLIO PRIFILE TABULATI3N 23 POINTS, DELTA AT POINT 19

I y PTZ/P P/PD To/T0 MImD U/UO T/TD R/RD*U/UO

1 0.0000-+00 1.0000".00 1.00000 0.96031 0.00000 0.00000 1.55241 0.00000
2 1.5497-04 1.361S" 00 1.00000 0.96245 0.38664 0.46148 1.4245S 0.32395
3 2.11331-04 1.4578--00 1.00000 0.96261 0.42943 0.50751 1.31725 0.36329
4 3.2607"-04 1.62551+00 1.00000 0.96295 0.49143 0.57203 1.35492 0.42219
5 5.0253-04 1. 77111+00 1.00000 0.96547 0.53660 0.51774 1.32627 0.46577
6 6-7022--06 1. 8641*.00 1.00000 0.97267 0.56202 0.64475 1-31608 0.48990
7 1.0453-03 2.0317".00 1.00000 0.974i5 0.60354 0.68467 1.23689 0.53203
8 1.3444-03 2.1575--00 1.00000 0.97754 0.63191 0.71158 1.26806 0.56115
9 1.6825-03 2.27601+00 1.00000 0.9803s 0.65702 0.73495 1.25127 0.58736
1o 2.05831-03 2.3950".00 1.00000 0.98216 0.68100 0.75666 1.23456 0.61290
11 2.4Z14-03 2.5321".00 1.00000 0.98331 0.70731 0.779q4 1.21859 0.64153
12 2.7030-03 2.61731-00 1.00030 0.93503 0.72309 0.70350 1.20423 0.65893
13 3.6T84-O3 2.9919" 00 1.00000 0.989i0 0.79796 0.84752 1.15689 0.73259
14 4.6927-03 3.36.0--00 1.00000 0.99310 0.84645 0.99381 1.11397 0.80236
15 5.6978--03 3.732900 1.00000 0.9937' 0.90107 0.93233 1.07059 0.87096
16 6.6580-03 4.0140'+0C 1.00000 0.99715 0.94014 0.96C31 1.04336 0.92040
IT 6.6634'-03 4.0644*-00 1.00000 0.99933 0.94698 0.9i611 1.04081 0.92822
18 7.6768"-03 4.3151 "-00 1.00030 1.00034 0.9802) 0.98839 1.01596 0.97256

3 19 8.6988-03 4.4692"OC 1.00000 1.003;0 1.00000 1.00010 1.00000 1.00000
20 9.5427*-03 4.5103*00 1.00000 1.99712 1.00530 1.03217 0.99379 1.00843
21 1.0462-Oz 4.515*4.00 1.03000 0.99547 1.037 1.03134 0.99103 1.01041
22 1.5689"-02 4.5033+*0O 1.00000 0.9924 1.01433 0.93888 0.99910 1.00991

I2 1.867Z'-02 4.4956'00 1.03000 0.93245 1.01347 0.99836 0.99983 1.00862

S6020108 DUSSAUGE/GAVZGLIO PR3FILE TABULATION 20 POINTS, DELTA AT POINT 18

I y Tz/P P/P9 TO/T30 M/"I U/U3 T/TD R/RD*U/UD

1 0.00001-00 1.0030--00 1.00011 0.q6033 3.00000 0.00000 1.55139 0.03000
2 5.0800*-04 1.71008+00 1.00030 0.97134 0.51907 0.63219 1.34592 0.44742
3 5.91001-04 1.7600.-00 1.00000 0.97'39 0.5337 0.61765 1.33922 0.46120

4 8.0300"-04 1.926T7.00 1.00000 0.97771 0.57970 0.66224 1.30955 0.50570
s 1.0800*-00 1.9390--00 1.00000 0.991i. 0.50178 0.66630 1.31167 0.50798
6 1.6600"-03 2.1264--00 1.00030 0.98439 0.62S68 0.70843 1.29202 0.55259
7 2.1700-03 2.3007-*00 1.00010 0.9980 0.66273 0.74293 1.25666 0.99119
8 2.6900*-03 2.4895.-00 1.00000 0.9906 0.69996 0.?7612 1.22945 0.63127
9 2.9100*-03 2.5S O"oo 1.000,0 0.9915d 0.71284 0.78T43 1.22021 0.64532

10 3.30001-03 2. 6813-.0U 1.00030 0.99326 0.73536 0.80605 1.20387 0.67021
11 3.8200-03 2.8654--00 1.00000 0.99562 0.76752 0.933S8 1.18040 0.70644
12 4.8200"-03 3.1 aza0I 1.00000 0.99956 0.81957 0.87604 1.14256 0.76673
13 5.800"-03 3.5067"+00 1.00000 1.00337 0.8901 0.91422 1.10650 0.82622
14 6.9200"-03 3.8334-+00 1.00000 1.00573 0.91614 0.94824 1.07131 0.88512
is 7.9000'-03 4.0877"*00 1.000)0 1.00641 0.95103 0.97192 1.04442 0.93058
16 8.9400"-03 4.3148- 00 1.05C30 1.00506 0.99107 0.9)065 1.01962 0.97159
17 9.8460"-03 4. 1T5.00 1.00030 1.00236 0.9)436 0.99767 1.00668 0.99101

1 18 1.0949"-02 4.4616--00 1.00000 1.00030 1.00000 1.03000 1.00000 1.00000
19 1.2966*-02 4.463a*l0 1.000)0 0.99791 1.00091 0.94955 0.997Z9 1.00227
20 1.6019"-02 4.4670'00 1.00003 0.99749 1.00063 0.90941 0.917.6 1.00196
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16920111 DUSSAUGE/GAV1GLIO PR)FZL TABULATI3N 20 POIN'S. OLTA AT PINT 1

I y P72/P P/PJ T0/7 3 4/49 U/UO T/75 R/9.OU/U

1 0.00000 t*0000.30 0.530i7 0.96073 0.00000 0.00000 .54257 0.00000

1.7370-04 1.3019'.00 0.53067 0.964-3 0.35960 0.43M0 1.43576 0.15926

3 6.0688-04 3.168e.00 0.03057 0.96553 0.9z397 0.06360 1.09868 0.41715

4 1.0614-03 3.5159."00 0.530,7 0.96755 0.87753 0.933Z7 1.05954 0.45240

5 1.6123-03 3.7477-.00 0.53067 0.970T1 0.91136 0.92805 1.03693 0.47495

6 2.1141 -03 3.9270.0 00053067 0:97271 0.9$67 0.94601 1.019 0 0.49Z07

7 2.6509 -03 4.1130*900 0.03067 0.97507 0.94210 0.96349 1.00314 0.50950
8 13.08-03 4.Z746--0 0.5367 0.97738 0.98374 0.97.33 0.9.912 0.52440

9 4.125 -03 4.6466'00 0.53051 0.0113 1.03161 1.00960 0.9 93 0.55933

10 5.1336.03 4*7549-.00 0.57170 0.90511 1.5 1.0197 0.95204 0.61IZ

11 61119 03 4.73 0 00 0. 63 03 .9 85 1 1.042 3 1.0 014 0 95751 0.67732

12 7.1*34:-03 4 7197.00 0.70560 0.99295 1.04075 1.02042 0.96208 0.74858

13 8.034- 03 4*7248*S0 0.7457 0.99520 1.04139 1.0Z276 0.96455 0.81203

14 9.104803 47006*00 0.000 0.9981) 1.33937 1.00346 5.96963 0.81644
15 1.0062"-02 4.66100 0.89847 1.000,4 1.03411 1.02113 .97468 0.904150

0 16 1.2163 -02 4.3989* 00 1.0000 1.000 1.0 0000 1.0000 0 1.0030
17 1.30Z-_o2 4.4024'-00 1.00363 0.99899 1.0046 0.91918 0.99s64 1.05477

18 1.Szol.-Oz 4.4286- 10 1.0433 0.997j0 1.003a5 1.00104 0.9?441 1.01032

19 1.7209:-02 4 4295900 1.00363 0.99731 1.00337 1.00111 0.99433 1.01048

20 1.9233 -01 44260 00 1.033 0.99730 1.00351 1.00083 0.99467 1.00984

46020114 OU$S6UGE/GAVI;LIO PR)FILS TASULAT3N Z5 POINTS, 0LT AT POINT 23

I y P72/P P/-, TO/T2o 4/40 UIUD T/TO P/0D*U/Uo

1 0.0000. 00 1.000 0*00 1.00030 0.949!2 0.00005 0.0000 1.364 0.00000

S2 1.6090.-04 1.1735.00 1.0000 0.967-3 0.22347 0.0299-3 1.71652 0.16749

3 3.4874-04 1.7414.00 1.00000 0.9670 0.429 92 0.9420 1.54713 0.33940
4 9.0630 -04 2.31277+00 1.00020 0.9693 0.54009 0.4553 1.47322 0.44497
0 6. -0 3.0601 *00 5.00000 0.97263 0.64946 0.754 1 3.34929 0.55912

6 1.154?'-03 3.349d'*00 1.00000 0.97737 0.660) 0.71644 1.31237 0.50925
7 1.7 977-03 3.5803. 00 1.0020 0.99142 0.74 4 0.90994 1.29518 0.43022

8 2.15577-03 3.7200-.00 1.00000 0.90412 0.73084 0.8Z352 1.29971 0.64859
9 2.7084-03 3. 919.O0 1.01000 0.98622 0.7506 5.83923 1.2505 0.67109

10 3.17078-03 *.0543900 1.00000 0.9695 0.T6652 0.9534 1.3328 0.69202

11 4. 0277-03 4.3737 00 1.00000 0.99235 0.077 0.9740 1.19057 0.73;23
12 5.1780-03 6010900 1.00230 0.996S2 0.83434 0.a0169 1.16795 0.77201

13 6.2004-03 4.9744.00 1.00000 1.0000 0.:6336 0.92158 1.14019 0.80)56
14 7.2064:-03 5. 264 00 1.00010 1.00270 0.09146 0.94049 1.1353 0.84498
15 8.22177-03 5.6508' 00 1.0000 1.00473 0.91761 0.90700 1.05770 0.07984

16 9.2105-03 5.822 00 1.0000 1.00540 0.9 425 0.97135 1.06317 0.91 363
17 1.0161"-0o 6.0413.00 1.0,000 1.00574 0.94130 0.822 1.04399 0.94053
1: 1.1241.-0O 6. 637--00 1.00000 1.00628 0.93047 0.9 27 1.52523 0.9033
19 1.z164.-)2 6.3619" 00 1.00030 1.00574 0.90850 0.99701 1.01640 0.900,6
20 1.3236-02 6.4222 00 1.00000 1.0051 0.94339 0.199S2 1.01135 0.909
21 1.4274 02 6* 802 00 1.00000 1.00405 0.99875 1.00130 1.00527 0.91613
22 1.25263-02 6.4912*o00 1.00000 1.00203 0.99949 1.00045 1.00234 0..851

0 23 1.625!.-02 6. 951.00 1.00000 1.0030 1.0030 1.0000 1.00050 1.0000
24 1.72777-02 6.5401 -00 1.00000 1.00010 1.00375 1.00193 0.99038 1.00557

25 1.9279-02 6.6956*+00 1.00000 1.00000 1.01662 1.00849 0.98408 1.02481

60025118 OUSSAUGE/GAV2GL D PROFILE T8ULATN 31 POINTS, 5LTA AT POINT 24

1 r P72/P P/Pa TO/773 ""67 U/UO 7/T 0/RD0U/UO

I 0.0000.+00 1.0000'.00 1.00000 0.94835 0.00000 0.00000 1.56643 0.00000

2 1.4639-04 1:4069:*00 1.00000 0.963.5 5.32943 0.4267. 1.71970 0.24315
3 4.2780- 2.2069 -00 1.00000 0.96567 0.51464 0.63290 151239 0.41848

46 6, 467-04 2.6030'-00 1.00000 0.96739 0.57516 0.69062 1.44179 0.47930
5 9.0630 04 2.9125:00 1.0300c 0.97071 0.65949 0.73023 1.39397 0.52305

6 Z.:79 -03 3.1886*400 1.00000 0.97341 0.65436 0.76147 1.35418 0.5.231
7 1.4341-03 3.46977400 1.00055 0.97576 0.66673 0.79006 1.30909 0.43040
8 1.6825.-03 3.6411..00 1.0000 0.97745 0.7080 0.80634 1.29406 0.62310

9 1.94477-03 3083177900 1.000 0.97947 0.73047 06 2 10.6734
10 2.17m-03 3.953 0 5 .000 .0 0000 5.9801 0. 0.83400 1.29680 0.66359
11 2.4345"-03 4.0602'900 1.00000 0.90215 0.75639 0.84359 1.24387 0.6720

12 2.69008-03 4.1614-,10 1.00000 0.98351 0.76635 0.65 1 Z .1393 0.60989

13 2.9304--03 462334900 1.00000 0.90435 0.77394 0.$5721 1.22676 0.69076
14 3.1933--03 4.3209"-00 1.00000 0.946.0 0.79308 0.86417 1.21763 0.70960

15 4.2196-03 4.647"-00 1.00000 0.99057 0.81554 0.8810 1.16586 0.74691
16 5.1660"-03 4933100 .00000 0.94 3..4 0.8 .1563 0.76427
17 6.2208-03 5.Z335-00 1.00003 0.q97.4 0.872Z 0.927 1.13043 0.2055
1 7.2439--03 5.5265:000 1.00000 1.05034 0.69915 0.34490 .!C434 0.85562
19 8.2376_°03 5 7931" 00 1.00000 1.00202 0.92290 0.95941 1.0092 0.00758
20 9.a30-03 4.024"*00 1.00000 1.0269 0.94296 0.97107 1.06046 0.91571
21 1.02S1*-02 4.27377.00 1.00000 1.00353 0.94390 0.96264 1.03926 0.94552
0z I.1264:-OZ 6o4813.*00 1.0000 1.00236 0.90113 0.9)144 3.0213 0.97093

23 1.2268-02 6.6307-400 1.00000 1.001.939 0.9935 0.995 1.00811 0.98949

0 24 1.3294 -OZ 6.713900 0.00000 1.00000 1.00000 1.00000 1.00008 1.00000
25 1.4302*-02 6.720700 1.00000 0.99798 1.00064 0.94931 0.99736 1.00196

26 1.5310w-00 6.7291:400 1.030:0 0.99663 100131 0.94898 0.99534 1.00366
27 1.6310 -C ?.726100 1.000 0.9930 1.00105 0.99868 0.99527 1.00342
28 1.7320:-02 6.73477.00 1.00080 0.99630 1.00173 0.99902 0.99461 1.00 44

26 1.03370-00 6.730.00 1.00000 0.99430 1.00141 0.99886 0.99492 1.00396

301 1.3 2 .7 . 1.00000 0.990 1.0400 1.0017 0.9939 1.00785

31 2.0342.-02 6.7895'-00 1.00000 0.99630 1.00614 1.00125 0.99030 1.01105



I 21-t, 8602-C-4

86.20120 OUSSAUGE/GAVIGLIO PROFILE TABULATION 27 POINTS. DELTA AT POINT 23

1 Y P72/P P/PD TO/TOO M/MO U/UD T/TD R/RD*U/UD

1 0.0000".00 1.0000-+O0 1.00000 0.94913 0.00000 0.00000 1.85864 0.00000
2 9.0892*-04 2.8464+00 1.00000 0.97202 0.61245 0.72471 1.40018 0.$1759
3 9.6158e-04 Z.8724+00 1.00000 0.97269 0.6160: 0.72806 1.39684 O.5ZZZ
4 1.1595"-03 3.0119-+00 1.00000 0.97472 0.63470 0.74483 1.37713 0.34096
5 1.4148-03 3.2071" 00 1.00000 0.97741 0.65933 0.76681 1.35057 0.56777
6 1.6558"-03 3.3649-+00 1.00000 0.97910 0.67988 0.79371 1.32876 0.58981
7 1.8541*-03 3.4971".00 1.00000 0.98045 0.69533 0.79647 1.31208 0.60703
8 2 0641-03 3.6230-+00 1.00000 0.981.6 0.71013 0.80836 1.29579 0.62394
9 Z.3162"-03 3.7577-*00 1.00000 0.98348 0.72562 0.82096 1.28006 0.64134
10 2.6146"-03 3.8a29--00 1.00000 0.98433 0.73969 0.83201 1.26521 0.65761
11 3.13141-03 4.0831- 30 1.00000 0.98753 0.76162 0.84911 1.24295 0.68314
12 3.6810'-03 4.2394-+00 1.00000 0.99360 0.77829 0.86356 1.23111 0.70144
13 4.1982'-03 4.3900--00 1.00000 0.99225 0.79401 0.87388 1.21130 0.72144
14 5.1997'-03 4.6948'+00 1.00000 0.996!2 0.92484 0.89632 1.18081 0.75907
15 6.2111"-03 4.9682"+00 1.00000 0.99933 0.85152 0.91500 1.15465 0.79245
16 7.2310'-03 5.2546'-00 1.00000 1.00135 0.9T857 0.93300 1.12774 0.82732
17 9.2238'-03 5. 5280+00 1.00000 1.00371 0.90350 0.94888 1.10273 0.86049
18 9.2310-03 5.8014--00 1.00000 1.00438 0.92735 0.96330 1.07763 0.89391
19 1.0Z42"-02 6.0562'-00 1.00000 1.00472 0.95007 0.97534 1.05499 0.92497
20 1.1262"-02 6.2909"+00 1.00000 1.00405 0.96998 0.98632 1.03396 0.95392
21 1.2286"-02 6.4052-+00 1.00000 1.00301 0.98616 0.99436 1.01671 0.97802
22 1.3246-02 6.6019-+00 1.00030 1.0016q 0.99575 0.99867 1.00586 0.99285

0 23 1.4100-02 6.6540-+00 1.00030 1.00030 1.00000 1.00000 1.00000 1.00000
24 1.5042'-02 6.7001.-00 1.00000 0.99865 1.00375 1.031Z3 0.99500 1-006ZT
25 1.6167"-02 6.7396'+00 1.00000 0.99718 1.00694 1.00251 0.94122 1.01140
26 1.7136"-02 6.7ZS6-+00 1.00000 0.99783 1.00589 1.00190 0.99224 1.00982
27 1.9332-02 6.6996--00 1.00000 0.9973 1.00370 1.00037 0.99437 1.03654

86020121 OUSSAUGE/GAVIGLIO ORIFPLE TA3ULATION 27 POINTS, DELTA AT POINT 23

1 y PT3/P P/PD Y0/TOO N/No U/UO T/TO R/DwU/UO

1 0.0000-+00 1.0000"+00 1.04041 0.94807 0.00000 0.00000 1.59372 0.00000
2 1.5000"-04 1.4172".00 1.00000 0.9673 0.32407 0.42855 1.74879 0.24506
3 2.0000'-04 1.7951-+00 1.00000 0.96723 0.42T7O 0.54605 1.63458 0.33406
4 3.0000'-04 2.1024-+00 1.00000 0.96791 0.43724 0.60918 1.56318 0.38971
5 4.0000--04 2.2298"+00 1.00000 0.96926 0.50900 0.63134 1.53846 0.41037
6 5.0000-04 2.34Z6--00 1.00000 0.97061 0.52723 0.64956 1.51789 0.42793
7 8.0000"-04 2.6012"-00 1.00000 0.97359 0.56618 0.68743 1.47413 0.46632
8 1.00001-03 2.7455.+00 1.00000 0.97615 0.5q656 0.736T8 1.45194 0.486T8
9 1.5000"-03 3.1645--00 1.00000 0.97913 0.64146 0.75559 1.30730 0.54457

10 2.0000"-03 3.5947-.00 1.00000 0.98277 0.69232 0.79824 1.32747 0.60132
11 2.5000"-03 3.9088"-00 1.00000 0.98531 0.72793 0.82613 1.29835 0.64123
12 3.0000"-03 4.1140'+00 1.00000 0.99851 0.74978 0.94333 1.26512 0.66660
13 3.5000"-03 4.3117"+00 1.00000 0.99038 0.77029 0.85892 1.24337 0.69030
14 4.0000"-03 4.4813"-00 1.00030 0.99325 0.75744 0.87182 1.22582 0.71122
15 4.5000'-03 4.6160'+00 1.00000 0.99527 0.g0018 0.88176 1.21248 0.72724
16 5.0000*-03 4.7879--00 1.00000 0.99636 0.91748 0.43360 1.19490 0.74785
17 6.0000"-03 5.0721--00 1.00000 1.00060 0.84435 0.91257 1.16813 0.78122
18 8.0000*-03 5.6553--00 0.00000 1.00540 0.89637 0.94672 1.11425 0.84965
19 1.0000-02 6.1778*+00 1.00030 1.00642 0.94138 0.97243 1.06705 0.91133
20 1.2000"-02 6.6215-+00 1.00030 1.00473 0.97757 0.99091 1.02749 0.96440
ZI 1.4000 -02 6.8503--00 1.00000 1.00237 0.99570 0.99902 1.00668 0.99239
22 1.5000*-02 6.8d00".00 1.00000 1.00132 0.99803 0.99952 1.00299 0.99654

O 23 1.7000"-02 6.9052-.00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
24 1.8000"-02 6.9173--00 1.00000 1.00000 1.00094 1.00047 0.99906 1.00141
25 1.9000'-02 6.8652--00 1.00000 1.00000 0.99687 0 e, 1.00314 0.99531
26 Z.0000--0Z 6.9563--00 1.00000 1.00000 1.00399 1 '.99603 1.00599
27 2.1000"-02 6.9598'+00 1.00000 1.00000 1.00425 1., ?1 -.99576 0.00639



8603-A-1 12J-

M(inf): 2.87 8603
H Theta x 10-3: 84-100

1.il ZPG

Blowdown tunnel with symmetrical contoured nozzle. Max. running time "several

minutes", normally 60 seconds. W = R = 203 m. L up to 2.7 m.

PO: 0.69 MN/m. TO: 250-255 K. Air. Re/is x 10-': 65.

SPINA B.F., SMITS A.J., 1987. Organised structures in a supersonic turbulent

boundary layer. J. Fluid. Mech. 182, 85-109.

And: Spine & Smits (1986). Data tapes, and private coamunications.

1 The general arrangements for the experiment were as for the CCF tests described in CAT7904T,
q.v.. The test surface however was flush with the tunnel floor starting 0.892 a (probably,
in fact, 0.902 m) from the nozzle exit (X=O). The principal profile measurements were made
over the range 1.057 < X < 1.515 m under ZPG conditions, along the centreline of the

5 floor. Flow uniformity was carefully checked by very detailed static and Pitot pressure
surveys, at fixed Y, both along the centre line and across the flow at X = 1.362 s,
backed up by five Pitot profiles at stations across the flow, again at X = 1.362 a. The
free-stream Mach number is quoted as 2.87 +/- 0.05, with a mass-flux turbulence level of
I - 1.5%. A spanwise "peak to peak variation of less than 5 in static pressure - with
streamwise 6% - 1.4% in Mach number" and a "slight adverse pressure gradient - considered
small enough to be neglected" is, slightly confusingly, reported, with "a 10% variation
in Pitot pressure - most probably due to the constriction of the side wall boundary
layers through the - nozzle" (pp. 41-42, Spine & Saits 1986).

6 A 50.8 m wall instrumentation plug could be inserted at X = 1.362 m, which carried a
static pressure tap (d = 0.81 m) and four "Kulite" minature pressure transducers mounted
symmetrically in a straight line at 5.08 ma intervals. The transducer sensing element was
0.71 an in diameter and the useful frequency range was estimated as 0 - 40 kllz. The plug
could be rotated so as to yaw the line of transducers. Preston-tube measurements were made
at 43 streamwise locations, and reduced Using the Hopkins & Keener T'(1966) calibration.

7 The probes used for mean flow measurements were similar to those used for CAT7904T, q.v.,
and as in that experiment, mounted on supports fixed to the roof of the tunnel (in
contrast to CAT8601T). Normal 131' surveys were made using both single wire probes and
multiple wires mounted in an array operating in the CT mode. This consisted of two probes,
each usually carrying two wires with a vertical separation of about 2 mm. The separation
between the pairs of wires could be varied as desired. Double wire probes were used, with
vertical separations of 2.38, 2.58 -m, and a triple wire probe with separations of 2.58,

9 3.17 and 5.75 m. The active length was about 0.8 as with a wire diameter of 5 Jm. The
probes were operated in the constant-temperature mode. Total temperature was not measured,
a linear variation giving TO = 1.04TOD at the wall being assumed, after Taylor, CAT8401T.

12 The editors have presented all the mean flow data, for nine stations along the centre-line.
We have replaced the author's D-state by a state selected on the basis of the PO profile,

13 with additional consideration given to the reported turbulence levels. The turbulence
date are given in association with mean flow values as interpolated by the authors to the
Y-values of hot-wire probe measurements. There are no EN1 data for stations 05 & 07, while
the original report includes two profiles for a station downstream of the last mean flow
profile. These have not been presented here.

§ Data: 83030101-09. Pitot, static pressure and TO profiles, NX = 9. CF from Preston tubes.
Normal hot-wire profiles, NX = 7.

15 Editors' comments:

The authors' D-state, based on a 1* specific mass flow deficit, is a consistent definition
and at these Mach numbers should correspond to, approximately, a PO deficit of about 5*.
Unless they can pick it out directly from the hot-wire data - which we doubt - it is a
little clumsy, as it is defined as a deficit from a quantity which itself must be
calculated for the "pressure-based reference flow". We again urge the use of PO. The
tendency is then to a quantity which is in principle constant, even if there are
substantial normal pressure gradients (Ch.7, AG 253).



12J-2 X603-A-2/BI

Rather than use the earlier data for this boundary layer (Ves et &l. CAT7601), fresh mean

flow data was obtained specifically for use in conjunction with the turbulence data. These
have been studied in unusual detail. Measurements taken extended far beyond the single

component turbulence results and mean flow data presented here. There are large quantities
of data, presented graphically, covering the space and time correlations between multiple
wires, the four pressure transducers, and wire and pressure signals. The emphasis is on
the information which spatial and temporal correlations, with and without conditional
sampling, can give about the "large scale structures" of boundary layer turbulence.

These data, with CAT7601, provide the ZPG background for the various Princeton experiments
described in this volume. The substantial amount of ZPG data, covering the whole area used
in the other experiments, shows that the boundary layer turbulence structure is fully
established at the start of those tests. Other workers will be able to compare their own
undisturbed flow data with these and so allow for any systematic differences resulting
from probe or data-reduction techniques, which are fully discussed in Spina & Sits, 1987.

The mean flow data are covered in fine detail, but do not quite extend within the momentum
deficit peak. The values of H12K correspond to a fully developed layer. Agreement with the
inner and outer laws is good (figs. 10.1.1-2) save close to the wall. Here it is arguable
that the way in which the probes and their supporting fairings reach across the tunnel
must inevitably introduce a proportionally large uncertainty in low values of Y. However,
the lowest value of Y is identical for all profiles, suggesting that the probe is in
contact with the wall,so that the lack of agreement at low Y+ values may well be ascribed
to a lack of shear and wall probe corrections, probably the normal practice of the
laboratory (e.g. Taylor, CATS401T for a specific statement). The turbulence data are
discussed in ch. 11.2 (figs. 11.2.2-4). Spina (1988) reports single v

' 2 
and u'v' profiles

which were not available to us at the time of writing but will be available on the data
tape.

CAT 0603 sPrNA/SMITS 0UNDRT CONDITI3N$ AND EVALUATED DATA, SI UNITS

RUN No S TW/TP 06024 Cl HI2 12K 66 P)4
S* PO0 PW0/PD 11)20 C1 m32 "032K T.1 T2.
RZ TOO TAUW * 02 PI2 42 0ZK U0 T*

4030001 2.8610 1.1119 3: 1344,::01 1.130T-0 I .174 1.2Z94 2. 1900-04 2.1100".04
1.0S70*.00 6.5715"+05 1.0000 .3 N99u.s 4'4 1.6535 1.377 2.6521::02 9.64O09"01
5F1N0TE 2.5500 '02 1. 3 60002 1.29469-03 4N4 -0.2497 1.9509-03 5 6445" OZ2 .3352 0

66030102 2.9080 1.1127 3.4015::04 1.0745"-03 5.7056 1.222 4 2.20030. Z1090"*04
l-1349.00 7A64140'05 1.3000 * 4969 0 6N 1.0508 1.8419 2.60756,02 9.3163"01
1F1 56T2 2. 507".0

- 

1.4050 .. 2 1. 2167-03 h 4 -0.2645 1,8465-03 5.6276..02 2.3 3 , .02

86030103 2.910 1.1120 3.5611"$04 1.0074"-03 5.65,1 1.216 2.1913'.04 2.1910",01
1.2100.00 7.011"05 1.000 4. 35.04 59 1.0591 1.6452 2.60162 9.2670"01
INFINITE 2.0A:O16'02 1.370O"R02 1. 206 -03 N1 -0.2451 1.93003-O3 5. 62602 2 37,T*02

86030104 2.0660 1.1119 3. 1694'.
0

4 1.0319-03 5..,0 1.2173 2.2670'.0. 2.2S70-04.
1.2860 ."00 6.00Z5".05 1.0000 9. 444 D04 N4 1.8573 1.6 435 2. 12N 402 9.501 1 01
INFT17T N .z120 02 1 3'50Z . 3815 -03 01 -0.2267 2.0664-03 5 6022',02 2.3496.22

86030105 2.6710 1.1120 3. 9352::04 1.0410'-03 5.4T96 1.2147 2.Z760"*04 2.27000
* 3240. 00 6.902n51 1.0000 9. 6590 "04 NO 1.6596 1.0456 2.6239"*0Z 9.571"301

INFINITE 2.5230..02 1.3690..32 1.,022.-03 N -0.2260 2.G900-0. 5 9.. 4, . 2.319,"02

86030104 2.730 1:1120 .9246::04 1.0406-03 5. 453 1.2160 2.2520.04
• 

2.2521:
1-30).0O 6.829 .05 1.0000 9. 6294'-04 59 1.61) 1.9462 2.6300" 02 .539 3 1
;F616I1T 2.5289*02 1.3540'-32 1.4176'-03 NM -0.2202 2.099.'-03 5.6262.-02 2.3651'-02

8103010 Z.660 1.1119 4-2230 .04 9. T226-04 5.272 1.2259 2.3040'.04 2.304,3'*04
1.4000.60 6.9136"00 1.0000 1.033 "205 N 1.4529 1.0362 Z.6193'02 1.5320.C1

5F1N17T 2.5191 $02 1.2.90,32 1. 4894'-03 49 -0.2040 2.25017-03 9.61027'02 2.3563 02

60301900 2.6730 1.1120 4:129:04 .9542-4 5.642 .2Lz 2. 3100::04 2.3100:04
1.4300.00 T.0056 -05 1.0000 1.0121".35 54 1.002 1.457 Z.6146m'02 9.4401701

FrP16N7T 2.1140-702 1.3270-.32 1.4401'-03 N- -0.2016 2.1421"-03 5.6097"02 2.351Z*0,

64030109 2.870 1.1123 4:0665::04 1.0390-03 5.5065 1.2100 2.2983 604 2.2)90W04
1.010)'900 T.11687.00 1,0000 1.0 056"05 40 1. 607 1.0469 2.6034::02 9.3961"01
t1F5NIT. 2.5032. 0Z 1.39301732 1.4014"-03 N4 -0.2246 2.1035-3 5.60?9 02 2.34017.02



8603-C-1 12J-3

86030101 SPINA/SMITS PROFILE TABULATION 41 POINTS. DELTA AT POINT 29

I y PTZ/P P/P) TO/TOO M/Mo U/UO T/TD R/RD0U/Uo

1 0.0000"*00 1.00001*00 1.00000 1.04000 0.00000 0.00000 2.74850 0.00000
2 8.89001-05 2.2091-+00 1.00000 1.04014 0.39323 0.58302 2.19047 0.26616
3 5.50301-04 2.99361+00 1.00000 1.039?6 0.49290 0.68066 1.9S675 0.34260
4 9.8900-04 3.286".00 1.03000 1.03023 0-51151 0.70859 1.91899 0.36925
5 1.4160-03 3.6490"400 1.00000 1.03839 0.54466 0.73983 1.84506 0.40098
6 1.8S20-03 3.99 "0o 1.00000 1.03731 0.56804 0.76052 1.79253 0.42427
7 2.4220-03 4.1764"400 1.00000 1.03625 0.59932 0.7720 1.74372 0.44629
6 2.8720-03 4.2977u+00 1.00000 1.035)7 O.Sq909 0.74624 1.7Z234 0.4S649
9 3.3830-03 4.6192"+00 1.00000 1.03527 0.62421 0.80623 1.6S819 0.45329

10 3.9330"-03 4.7202"#00 1.00020 1.03406 0.63189 0.81175 1.65030 0.49138
11 4.3170-03 4.8505-+00 1.00000 1.03336 0.64166 0.81898 1.62907 0.50273
12 4.8430-03 5.1Z24"+00 1.00000 1.03233 0.66155 0.93345 1.58721 0.52510
13 5.7510-03 5.2935"00 1.00000 1.03113 0.67376 0.14179 1.56096 0.93927
14 6.7040-03 5.68661+00 1.00000 1.02994 0.700?3 0.96027 1.50613 0.57118
15 7.6680-03 6.1708"+00 1.00000 1.02842 0.73308 0.93076 1.44351 0.61016
16 S.6660"-03 6.3608-+00 1.00000 1.02710 0.74529 0.987a9 1.41929 0.62559
17 9.6160"-03 6.7957"+00 1.00000 1.02540 0.77251 0.93367 1.36340 0.66038
18 1.0560-02 7.0423"+00 1.00000 1.02361 0.78751 0.91160 1.33999 0.66031
19 1.1500*-02 7.2878"+00 1.00000 1.02260 0.80216 0.91944 1.31377 0.69935
20 1.2460'-02 7.6283"+00 1.00030 1.02078 0.82205 0.92948 1.27845 0.72704
21 1.34501-02 7.9710"+00 1.00000 1.01963 0.84159 0.93923 1.24548 0.75411
22 1.420-02 8.3728-+00 1.00000 1.017S5 0.86392 0.94957 1.20837 0.78591
23 1.6390"-02 8.9688"+00 1.00000 1.01539 0.99602 0.96374 1.15695 0.83307
24 1.8230"-02 9.3964"+00 1.00000 1.01196 0.91835 0.97237 1.12111 0.86733
25 2.0180*-02 9.8832-+00 1.00000 1.0092? 0.94313 0.90192 1.08373 0.90596
26 2.2120"-02 1.0383"+03 1.00000 1.00603 0.96790 0.99046 1.04715 0.94596
27 2.4110"-02 1.0787"+01 1.00000 1.00321 0.93744 0.93678 1.01902 0.97815
28 2.5990"-02 1.0999"401 1.00030 1.000)4 0.99756 0.99909 1.00308 0.99602

3 29 2.7910"-02 1.1050" 01 1.00000 1.000 0 1.00000 1.00000 1.OOuO 1.0000C
30 2.9d20"-02 1.1154-+01 1.0000 1.00034 1.00408 1.00201 0.99428 1.00777
31 3.17701-OZ 1.1154-+01 1.00000 1.00034 1.00433 1.00201 0.99428 1.00777
32 3.37001-02 1.1558" 01 1.00000 1.00010 1.00977 1.00372 0.95804 1.01556
33 3.5710-OZ 1.1154"*01 1.00000 1.00034 1.00438 1.00201 0.99428 1.00777
34 3.7640-02 1.1310"+01 1.00030 0.99990 1.01221 1.00452 0.99496 1.01996
35 3.9520"-02 1.1258-+01 1.o0000 1.00010 1.00977 1.0-372 0.98804 1.01586
36 4.1530"-02 1.1258+-01 1.00000 1.00010 1.00977 1.00372 0.98804 1.01596
37 4.3420"-02 1.1258'.01 1.00000 1.00010 1.00977 1.00372 0.98804 1.01596
38 4.5340'-02 1.1154+01 1.00000 1.00034 1.0048 1.00201 0.99428 1.0D777
39 4.7340"-OZ 1.1310*401 1.00000 0.99990 1.01221 1.00452 0.95486 1.01996
40 4.9300--02 1.1154"401 1.0000C 1.00034 1.00438 1.00201 0.99428 1.00777
41 5.1190-02 1.1258"401 1.00000 1.00010 1.00977 1.00372 0.98804 1.01586

86030101 spina/Smits Turbulence Data

X - 1.0570Z+00 UrkU = 2.21301+01 880 = 2.83003-01 UIN - 5.6939E+02 HUE= 1.7033E-05

I Y m U (RU)' R U'2 U'2
UlNF RV UT RV UT2 UT2

1 2.78001-3 1.71103+0 7.84003-1 4.8633E+0 3.49761+0 2.1964+0
2 4.04909-3 1.82301+0 8.14311-1 4.96561+0 3.0041E+0 1.79231+0
3 5.2140Z-3 1.91301+0 8.3670Z-1 5.4976E+0 3.15621+0 1.80698+0
4 6.34203-3 1.9790+0 8.52551-1 5.65691+0 2.9800140 1.65471+0
5 7.62201-3 2.09703+0 8.79051-1 6.15113+0 2.88353+0 1.51723+0
6 8.97209-3 2.1610+0 8.92301-1 6.31953+0 2.72393+0 1.38933+0
7 1.02801-2 2.2440+0 9.08563-1 6.6513Z+0 2.61813+0 1.28361+0
8 1.17303-2 2.3130+0 9.21111-1 6.7275+0 2.3862+0 1.13231+0
9 1.31901-2 2.39701+0 9.35863-1 7.30983+0 2.4456Z+0 1.11493+0
10 1.43303-2 2.47001+0 9.4791R-1 7.62483+0 2.36023+0 1.04031+0
11 1.54101-2 2.52201+0 9.55941-1 7.26991+0 1.96681+0 8.4507R-1
12 1.62101-2 2.55901+O 9.61661-1 7.28601+0 1.85921+0 7.85433-1
13 1.70901-2 2.59201+0 9.66289-1 6.94861+0 1.60261+0 6.66281-1
14 1.11701-2 2.63001+0 9.7129Z-1 6.83321+0 1.45713+0 5.94721-1
15 1.9600-2 2.68203+0 9.78221-1 6.37273+0 1.16491+0 4.63751-1
16 2.09003-2 2.72903+0 9.04243-1 5.70943+O 8.6597Z-1 3.3692Z-1
17 2.20O-2 2.77101+0 9.89361-1 4.58751+0 5.22883-1 1.9944Z-1
18 2.28603-2 2.79501+0 9.91971-1 4.0724+0 3.96523-1 1.49431-1
19 2.43003-2 2.83301+0 9.96191-1 3.19208+0 2.29343-1 8.48751-2
20 2.5750-2 2.8550+0 9.97991-1 2.1263+0 9.80643-2 3.58471-2
21 2.73003-2 2.86303+0 9.98901-1 1.44863+0 4.49221-2 1.63543-2

0 22 2.86303-2 2.8710+0 l.O0OO+0 1.1572+0 2.83523-2 1.02943-2
23 3.00301-2 2.88003+0 1.0012+0 1.0165+0 2.15803-2 7.80353-3
24 3.15503-2 2.88003+0 1.0012+0 8.03561-1 1.34843-2 4.87591-3
25 3.29903-2 2.8903+0 1.00231+0 8.73493-1 1.57181-2 5.66143-3
26 3.44503-2 2.80903+0 1.00233+0 8.41991-1 1.46051-2 5.26041-3
27 3.S9103-2 2.8820+0 1.00153+0 8.1593-1 1.38571-2 5.00631-3
28 3.73403-2 2.89803+0 1.0033+0 8.65161-1 1.52023-2 5.45221-3



12J-4 X603-C-2

630109 SPINA/SMITS PROFILE T46ULAT14 00 POINTS, DELTA AT POINT 43

1 T PT2/P P/PO TO/TOO M/MO U/UO T/TO R/RDU/UO

1 0.0000-00 1.0000-00 1.00000 1.04072 0.00000 0.00000 2.77366 0.03000
2 8.8000-05 2.4603*.00 1.02000 1.03975 0.42109 0.61TO1 2.1387 0.20047
3 3.0360--04 2.%936-00 1.00000 1.04015 0.47939 0.67892 2.00566 0.3385C
4 6.1040-04 3.Z,60--00 1.00000 1.03925 0.50390 O.TO3Z 1.94718 0.36117
0 8.4150-04 3.4743-.00 1.00000 L.03935 0.52477 0.72130 1.89900 0.38073

6 1.00800-03 3.5305--00 1.00000 1.030)6 0.53130 0.72001 1.08303 0.38608
7 1.3263-03 3.7403.00 1.00000 1.03:0 0.5936 0.74S04 1.84176 0.40490
0 1.5490w-03 3.0784+00 1.00030 1.03T75 0.5044 0.7516 1.81653 0.410S2

9 1.7070-03 3.97S4'-00 1.00000 1.037.1 0.56044 0.75516 1.0100? 0.41090
10 2.0370"-03 3.9943-00 1.00030 1.0367T 0.57014 0.75357 1.79364 0.42571
11 2.2670-03 4.2360-00 1.00000 1.03642 0.5989 0.73020 1.74937 0.44599
12 2.5250-03 4.21300*30 1.00000 1.03657 0.5850 0.77910 1.75265 0.44453
13 2.975Q-03 4.61O2-+00 1.00000 1.03538 0.61967 0.60420 1.68443 0.47746
14 3.4210--03 4.6879-.0 1.00000 1.03430 0.62407 0.807T5 1.67100 0.43339
10 3.9770'-03 5.0164500 1.00000 1.03457 0.6-91Z 0.82639 1.62077 0.50907
16 4.4040"-0 4*9497*00 1.00030 0.0344 0.64427 0.02238 1.62935 0,50473

IT 4.9410-03 5.0164--00 0.000)0 1.03257 0.64912 0.82$59 1.61763 0.51037
10 5.3910-03 5.320200 1.00000 1.03135 0.67129 0.04151 0.07140 0.0S49
19 5.9410--03 5.3280".0 1.00000 1.03137 0.67129 0.84131 1.57074 0.53542
0 6.3T50-03 5. S437-.10 1.00000 1.030;8 0.63610 0.85103 1.53930 0.55306
21 6.7910--03 5.7227-.00 1.00000 1.029)1 0.69030 0.05955 1.01013 0.56731
22 T.32000-03 S.9417.00 1.00000 1.02914 0.71200 0.0896 1.4909 0.50470
23 8.2500-03 6.2464'400 1.00030 1.02750 0.73259 0.08109 1.44647 0.60913
24 9.2260-03 6.3603".20 1.00000 0.02602 0.73997 0.8499 1.43077 0.61854
25 1.0180-02 4.6771".00 1.00000 1.02443 0.7S961 0.8641 1.39262 0.64369
26 1.1120-02 7.4O29w+0 1.00030 1.02211 0.78421 0.91014 1.34696 0.67570
27 1.2130"-02 T.20?53.00 1.00000 1.021T9 0.79630 0.91655 1.32473 0.6910
24 1.3110'-02 7.4600-+0 1.00000 1.01959 0.00637 0.92126 1.30524 0.70502
29 0.4040--02 7.7986-+00 1.00000 1.018-6 0.925?' 0.93118 1.27108 0.73230
30 1.4980-02 0.1510.00 1.00000 1.01T23 0.04501 0.94049 1.2731 0.7099T
31 1.5940'-02 8.19s7.+O0 1.00000 1.01566 0.04794 0.94119 1.23205 0.75392
32 1.6940--02 0.73950.00 1.00030 1.01412 0.87730 0.95492 1.14456 0.80614
33 1.1910-02 9.0615+00 1.00010 1.O1ZT5 0.99435 0.96223 1.15755 0.83126
34 1.0830-02 i.Z55.30*+ 1.00000 1.02133 0.92440 0.96614 114019 0.84660
35 1.9900-02 9.6820+00 1.00000 1.00973 0.92622 0.97505 1.13023 0.67983
06 2.0750-02 9.7379--00 1.0000 1.00814 0.92099 0.97546 1.10253 0.8s474
07 2.1740'-02 9.9008-0-0 1.00000 1.00653 0.94112 0.97986 1.09404 0.933?0
38 2.2740--02 1.0326.,01 1.00030 1.0051, 0.95009 0.9060 1.05971 0.93071
39 2.3680-02 1.0403-.01 1.00030 1.0037? 0.96571 0.98050 1.04793 0.943J7
40 2.4120--02 1.0533".01 1.00000 1.00222 0.96913 0.98870 1.04311 0.94712
41 2.0560--02 1.0899"+01 1.00000 1.00112 0.98511 0.99409 1.01997 0.97542
42 2.6580'-02 1.1050"0O1 1.000 0 1.00020 0.99273 0.93739 1.00943 0.98808

0 43 2.8440--02 1.1206'+01 1.00000 1.00020 1.00000 1.00000 1.00000 1.03000
44 3.0390'-02 1.1457'+00 1.00000 1.00042 1.0121Z 1.0041 0.90560 1.010949
45 3.2330"-02 1.1520"*01 1.00000 1.00035 1.01455 1.00591 0.9320 1.02736
46 3.4340-02 1.1520-.00 1.000"0 1.0003; 1.01405 1.00581 0.90205 1.02336
47 3.6270'-02 1.1625-+01 1.00030 1.00133 1.01940 1.00701 0.97T40 1.03111
48 3.0100-02 1.1020*21 1.00000 1.00035 1.0145! 1.00501 0.98285 1.02336
49 4.0090'-02 1.1414'+01 1.00000 1.00041 1.00970 1.00301 C.90036 1.01562
50 4.2060'-02 1.1362"'01 1.00000 1.00019 1.00727 1.00290 0.99115 1.01176
51 4.4010-02 1.13100400 1.00020 0.93999 1.00485 1.00100 0.99395 1.03751
52 4.0340"-02 1.1362001 1.00000 1.092' 1.00727 1.0320 0.99115 1.011'6
53 4.7E20--02 1.1467-.01 1.00000 1.000,2 1.01212 1.00431 0.95560 1.01949
54 4.9790-02 1.1020"+01 1.00000 1.0506 1.01455 1.00531 0.99295 1.02336
55 5.1740-02 1.02o.0.01 1.00000 0.00010 1.01455 1.00501 0.98255 1.02336

08030109 Spina/S.its Turbulence Data

X " 1.00S0000 U2A * 2.-OEEE00 0005 * 2.1911-00 UZF - 5.6939102 MUfVl 1.6919-05

2 H U (RU) 0 2 U2
0i0 o VUT RV 0T2 072

I 3.9500-3 1.87201+0 0.2403K-i 5.36341+0 3.231910 1.89051+0
2 5.40901-3 1.93801+0 8.39731-1 0.269300 2.7001+0 1.07291+0
3 6.83601-3 2.02001+0 0.0852K-1 5.6046+0 2.81060 1.53311+0
4 0.25201-3 2.11601+0 8.7921K-i 0.30031+0 2.93261+0 1.52921+0
5 9.69001-3 2.1640Z+0 0.88611-1 6.50001+0 2.86619+0 1.45061.0
6 1.1501-2 2.2050+0 9.08402-1 6.$1431+0 2.65351+0 1.28791+0
7 1.26101-2 2.31301+0 9.16901-1 6.94451+0 2.53902+0 1.20371+0
8 1.40500-2 2.304019+0 9.29309-1 0.43051+0 2.0706+0 1.18231+0

9 1.54001-2 2.04501+0 9.30991-1 0.4505Z+0 2.3480610 1.04541+0
10 1.69701-2 2.S3401+0 9.53090-1 7.59309+0 2.0992160 3.9534-1
11 1.8421-2 2.09000 9.62291-1 7.69671+0 1.94771+0 8.06849-1
12 1.08401-2 2.6740+0 9.7298-1 7.83331+0 1.78109+0 7.11380-1
13 2.12901-2 2.70101+0 9.75781-1 7.62701 0 1.61521+0 6.36101-1
14 2.27501-2 2.76600+ 9.84191-1 7.190%+0 1.29371+0 4.04161-1
15 2.42001-2 2.79201+0 0.86581-1 6.58701+0 1.04071+0 3.9216-1
16 2.5601-2 2.84601+0 9.92901-1 0.034100 8.2S771-1 3.04401-1
17 2.71001-2 2.87201+0 9.95981-1 5.49261+0 6.36261-1 2.31711-1

0 18 2.05301-2 2.08901+0 9,98071-1 4.53961+0 4.24641-1 1.52971-1
19 2.99601-2 2.15010+0 1,001710 3.6,171+0 2.64061-1 8.40691-2
20 3.14701-2 2.9260140 1.003710 2.70741+0 1.48311-1 06.4601-2
21 '.29101-2 2.02901+0 1.00379+0 2.09001*0 0.04271-2 3.026041-2
22 3.43601-2 9.02901 0 1.00371+0 1.64731.0 5.26461-2 1.0071-2
23 3.50301-2 2.04001+0 1.00571+0 1.294120 3.20201-2 1.13001-2
24 3.72701-2 2.03601+0 1.00471+0 1.11612+0 2.3301-2 8.45721-0
25 3.07401-2 2.0250160 1.00271+0 9.62751-1 1.8301-2 6.67511-3
26 4.02201-2 2,9010+ 1.00171+0 9.23061-1 1.681-2 6.01901-3
27 0.10601-2 2.9001+0 1.00071+0 1.1631+0 2.70902-2 9.60731-3
20 4.31401-2 2.0401+0 9.#9671-1 9.52091-1 1.2331-2 6.S2021-3



8701-A-I 12K- 1

14(inf) 2.84 8701
R Theta x 10-': 78

_ iWm l 1 CCF

Blowdown tunnel with symmetrical contoured nozzle. Max. running time "several

minutes", normally 60 seconds. N = H = 203 m. L up to 2.7 a.

PO: 0.69 MR/a'. TO: 266 K/ ± 6%). Air. Re/- x 10-: 63.

SMITS A.J., MUCK K.C., 1987. Experimental study of three shock wave/ turbulent

boundary layer interactions. J. Fluid. Mach. 182, 291-314.

And: Muck et al. (1983/1984), Settles et al. (1979), Selig at al. (1987); K.C. Muck

and A.J. Smito, data tapes and private comunications.

I The mean flow for these tests is described in CAT7904T, q.v.. This entry is concerned
only with the turbulence measurement, in the four compression-corner flaws. The 8, 16,
and 20 degree cases ware studied by Muck at al. (1983/4), to which has been added recent
data for the 24 degree case (Selig at al. (1987).

8 The profiles ware measured along a line 12.7m off the centreline so as not to disturb
the flow at adjacent static tappings. The positions at which profiles were measured are
given in table 1, together with their relationship to the mean flow data of CAT7904T. For
two of the 8* nrofiles neighbouring profiles have been used where no exact match was
available. Near the corner itself, the directions of the profile normals do not match for
0105-0106, 0302-3, 0503-6 and 0603. For the upstream profiles (X = -0.0508) we assume one
of many suitable sets of mean data has been used.

Turbulence measurements ware made with both normal and inclined hot-wire probes supported
from the tunnel roof opposite the test surface. The copper plated, soft soldered, sensor
wires (d = 5 )=, active length about 0.8 an) ware slightly slackened to avoid strain-
gauging. The inclined wires were set at about 60" to the mean-flow direction. The support
prongs were about 2-3 -a long and mounted in a cylindrical holder (d = 2.5-4 -n) the
front of which formed a wedge with 30" included angle. The wires ware operated in the
constant-temperature mode, using a DISA 55M10 anemometer. The system frequency response
was typically 10 to 120 kHz. The techniques are described in Suits at al. (1983) and
Smits & Muck (1984). The authors warn that HiP data (inclined wires only, Suits PC) for
mean flow Mach numbers below 1.2 (resolved normal to the wire) may be of dubious quality
as a result of calibration difficulties in the transonic regime.

9 The authors have interpolated the original mean flow data to the measuring positions of
the hot-wire probes, and incorporated no profile corrections, though it is not certain
whether the original Pitot profiles were corrected for shear. The mean-flow date are
therefore, in essence, the same for the two sets of profiles for each turning angle. The

13 profiles are presented incorporating the assumptions and reduction procedures of the
authors. The wall data are also those presented with the profiles in their interpolated
form, which describe a boundary layer subjected to the shock-wave structure resulting
from compression corners turning the flow 8, 16, 20 and 24 degrees.

9 DATA: 87010101-0703. Mean flow data from CAT7904T. Normal and inclined wire turbulence
profiles, distribution given in table 1.

15 Editors' comments:

The measurements described here, with the associated mean flow data of CAT7904T, form part
of a continuing study of the effect of "extra strain rates" on turbulent boundary layers.
Other experiments in which the same disturbance, i.e. pressure change, is applied to the
same incoming boundary layer, but at different rates and in different ways, are described
in CAT840IT/8702T and CAT8601T. Thus the "8" change" is accomplished here by a corner with
zero radius of curvature, while in CAT8401/8702 it is caused by curved ramps with radius
254 and 1270 a and in CAT8601 by a reflected wave structure matching the pressure gradient
of CAT840102. The "16

° 
change" is caused by corners with zero radius here, and radii of

1270 and 350 - in CAT8401/8702. Diroectly comparable compression corner flows were studied
by Debiive (CAT8301T) and Ardonceau (CAT8402T), the latter using a LWV to give turbulence
data which may be compared with this entry (Fig. 11.2.19). Fluctuation data are also reported
by Kuntz et al. (1987) and, using an axisymmetric configuration, Brown et al. (1987).
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The skin- friction velocities used here for scaling are those derived from Preston-tube
readings, using the Hopkins & Keener 1966 calibration with Settles' fictitious edge state.
The value of these is discussed in connection with the mean-flow data. Edge states an
reported in this entry do not affect the data in any way, and the editors have often, for

convenience, taken the last point, or our estimate of the shock position. This last often
shows up quite clearly in the hot-wire data, but with a systematic error when compared to
static pressure data. We are not in a position to suggest which might be the sore reliable.

The mean-flow data are shown in figures 10.3.8-12, and the turbulence data in 11.2.19,
23-25 & 11.3.7-9. Results from the normal wire studies should be little if at all affected
by the problem of probe orientation, but data from the oblique wire can not be relied on
when the probe is not closely aligned with the local flow. The mean-flow data are also
susceptible to alignment errors, mainly through the effect on the static probe. (Taylor,

1984, reports an error of 30% at 10' incidence.) This is discussed in connection with
CAT7904T above. Any mean flow or oblique wire data taken at X ) 0 and for Y-values
outside the shock is likely to be seriously in error. For the 16" end 24* cases it seems
that Settles took measures to deal with this, assuming free-stresm static pressure in the
outer part of the layer. For the other cases the data are as received from the authors
and will require careful assessment before use, as no attempt has been made to correct
the data.

In the separated flow cases there are substantial fluctuations in the shock position (see
Ch. 8 and 9.3.1 above) and these may contribute a "non-turbulent" proportion to the
fluctuation signals. The turbulence profiles do not go very close to the wall, so that
the mean flow data given with them should not be used to determine integral values, which
would be seriously in error. The integral quantities etc., where appropiate, should be

taken from the mean-flow tables of CAT7904.

The Muck at al. (1983/4) pa~ers contain a full assessment of the experimental errors.
The possible error in (Q u'21 is stated (Smits et al., 1983; Saits & Muck, 1984) as -10%
to +19%, and in ( u'v'/e, ur) as -32% to +12%. These estimates are for the upstream
profiles and have been reassessed recently by Suits & Dussauge in chapter 5. These may
seem to indicate large errors, but should rather be considered a sign of honesty in
assessing measurements of this inherent difficulty.

Table 1: Relationship of hot-wire profiles to mean flow data.

X-value Normal Traverse Mean Traverse Inclined Traverse
Wire inclination Flow inclination Wire inclination

Profile degrees Profile degrees Profile degrees

8701 7904 8701

Turning angle 8 degrees

-0.0508 0101 0 - - 0201 0
-0.0254 0102 0 0101 0 - -
-0.0152 0103 0 0102 0 - -

-0.0051 0104 8 0103 0 - -
-0.0025 0105 8 0104 0 - -

0.0 0106 8 0201 8 - -
0.0051 0107 8 0202 a - -

0.0102 0108 8 0203 8 - -

0.0152 0109 8 0204 8 - -

0.0203 0110 8 0205 8 0202 8
0.0254 0111 8 0206 8 - -

0.0305 0112 0 0207 8 0203 8
0.0356 0113 8 0208 8 - -

0.0457 0114 8 0209 8 -

0.0559 0115 8 0210 8 - -

0.0660 0116 8 0211 8 0204 8

0.0762 0117 8 0212 8 - -

O.0884 0118 8 0213 8 -
0.0965 0119 8 0214 8 - -

0.1016 - - (Authors used 0215) 0205 8

0.1067 0120 8 0215 8 - -

0.1168 0121 8 0216 8 -
0.1270 0122 8 0217 8 - -

0.1524 0123 8 (Authors used X = 0.1372) 0206 8
(Not in CAT7904)



8701-A-3/C-1 12K-3

8701 7904 8701

Turning angle 16 degrees

-0.0508 0301 0 - 0401 0
-0.508 - - - - 0402 0
-0.0127 0302 16 0302 0 - -

-0.0063 0303 16 0303 0 - -

0.0 0304 16 0305 16 -

0.0063 0305 16 0307 16 - -
0.0127 0306 16 0309 16 0403 16
0.0191 0307 16 0310 16 - -

0.0254 0308 16 0311 16 0404 16
0.0381 0309 16 0312 16 - -

0.0508 0310 16 0313 16 0405 16
0.0762 0311 16 0314 16 0406 16
0.1016 0312 16 0315 16 0407 16
0.1397 0313 16 0317 16 0408 16

Turning angle 20 degrees

-0.0508 0501 0 - 0601 0
-0.0508 0502 0 - - 0602 0
-0.0063 0503 20 0405 5.5 -

0.0 0504 20 0406 5.5 -
0.0039 0505 20 0407 5.5 -

0.0127 0506 20 0408 5.5 0603 20
0.0254 0507 20 0411 20 0604 20
0.0414 0508 20 0412 20 0605 20
0.0571 0509 20 0413 20 0606 20
0.0762 0510 20 0414 20 0607 20
0.0952 0511 20 0415 20 0608 20
0.1143 - - 0416 20 0609 20

Turning angle 24 degrees

0.0305 070] 24 0506 24 - -

0.0610 0702 24 0507 24 -
0.1016 0703 24 0508 24 -

87010204 Muck/Spina/Saits Turbulence Data

X - 6.60001-02 UTAU = 1.9528E+01 RHO = 4.7466E-01 UINF = 5.84569+02 UE8= 1.7889E-05

I Y N U (RU)'V' -R U*V' U'IV

UIF RV UT2 RV U72 UT2

1 1.98001-3 1.42001+0 6.9351Z-1 -2.2832+0 1.2643E+0 -9.27921-1
2 3.21001-3 1.49101+0 7.15241-1 -2.9822100 1.57841+0 -1.11491+0
3 4.65901-3 1.61201+0 7.50901-1 -3.6045+0 1.76771+0 -1.1758+0
a 6.09009-3 1.6880 +0 7.75841-1 -4.8656+0 2.27441+0 -1.4758E+0
5 7.54901-3 1.77509+0 7.99681-1 -5.36291+0 2.37341+0 -1.48131+0
6 8.97501-3 1.87701+0 8.26121-1 -6.3456+0 2.63411+0 -1.5669E+0
7 1.04101-2 1.9700+0 8.49061-1 -6.4720+0 2.53511+0 -1.4438E+0
8 1.18601-2 2.05801+0 8.6949E-1 -5.9096+0 2.19291+0 -1.1991+0
9 1.33003-2 2.13201+0 8.85721-1 -4.93301+0 1.75021+0 -9.25851-1

10 1.47601-2 2.22901+0 9.0485E-1 -3.84501+0 1.26731+0 -6.50711-1
11 1.62001-2 2.29601+0 9.17671-1 -4.0422+0 1.30019+0 -6.36911-1
12 1.76201-2 2.37601+0 9.33191-1 -3.0506+0 9.36271-1 -4.43801-1
13 1.90301-2 2.43901+0 9.43511-1 -2.1216+0 6.28011-1 -2.8974E-1
14 2.04901-2 2.48303+0 9.48721-1 -1.71581+0 4.95071-1 -2.23261-1
15 2.19301-2 2.50001+0 9.50521-1 -1.12681+0 3.2209E-1 -1.4411X-1
16 2.33901-2 2.52101+0 9.54131-1 -2.24031-1 6.32231-2 -2.80871-2

D 17 2.48301-2 2.53901+0 9.5593E-1 -7.5205E-2 2.10111-2 -9.30241-3
18 2.62901-2 2.61101+0 9.6595Z-1 1.6966E-1 -4.55321-2 2.10709-2
19 2.77501-2 2.68901+0 9.7656E-1 6.3595+0 -1.63373+0 9.3921E-1
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87010306 Muck/Spina/Saits Turbulence Data

X - 1.2700-02 UTAu - 1.23031+01 38 7.06241-01 UINF - 5.63881+02 NM1I- 1.63231-05

I y H U (RU)P R U'2 U'2
UIXF RV UT R 13r2 UT2

1 1.50001-3 9.70701-1 5.0736Z-1 8.20301+0 3.240541 2.72365+1
2 2.58001-3 1.1320E+0 5.73751-1 1.02451+1 4.02991+1 3.22301+1
3 3.98001-3 1.30401+0 6.3819Z-1 1.14951+1 3.90469+1 2.94391+1
4 5.380-3 1.4500E+0 6.88811-1 1.18309+1 3.29061+1 2.36301+1
5 6.78001-3 1.57401+0 7.2852Z-1 1.11021+1 2.38361+1 1.64451+1
6 8.20001-3 1.78OO+O 7.87031-1 1.03891.1 1.60721+1 1.10889+1
7 9.34001-3 2.00401+O 8.43591-1 9.76881+0 1.18141+1 8.99161+0
8 1.07601-2 2.24501+0 8.94011-1 9.12935+0 8.99715+0 8.05201+0
9 1.21601-2 2.38801+0 9.20291-1 6.78021+0 4.54621+0 4.43171+0

10 1.35401-2 2.4790E+0 9.34705-1 5.98311+0 3.16285+0 3.06851+0
11 1.4960Z-2 2.54801+0 9.44821-1 5.9616E+0 2.8470E+0 2.7153E+0
12 1.63901-2 2.6050E+0 9.52121-1 5.87451+0 2.52871+0 2.3537E+0
13 1.78201-2 2.67001+0 9.62441-1 5.6451E+0 2.1054E+0 1.90511+0
14 1.91701-2 2.69501+0 9.6449E-1 4.9243E+0 1.53401+0 1.36781+0
15 2.05201-2 2.7290E+0 9.6760E-1 4.45071+0 1.1859E+0 1.03881+0
16 2.14701-2 2.76301+0 9.7188E-1 4.2528E+0 1.02481+0 8.83141-1
17 2.28301-2 2.7920E+0 9.75391-1 3.44541+0 6.42331-1 5.4598E-1
18 2.33301-2 2.80001+0 9.76361-1 3.4994E+0 6.5461E-1 5.54481-1
19 2.39001-2 2.80901+0 9.77341-1 3.01301+0 4.7843E-1 4.03501-1
20 2.43001-2 2.80901+0 9.77341-1 2.6806E+0 3.7843E-1 3.1903E-1
21 2.56901-2 2.81001+0 9.7636E-1 2.01351+0 2.12601-1 1.7874E-1

D 22 2.71301-2 2.8200E+0 9.7636E-1 1.4718E+0 1.1160E-1 9.3175E-2
23 2.85501-2 2.8260E+0 9.7636E-1 1.16701+0 6.93951-2 5.7691E-2
24 2.99901-2 2.8300E+0 9.77341-1 8.9039E-1 4.0174E-2 3.3367E-2
25 3.14301-2 2.8340E+0 9.7831E-1 7.89531-1 3.14271-2 2.6076E-2
26 3.28601-2 2.8370E+0 9.79281-1 7.56201-1 2.8721E-2 2.3831E-2

87010403 Muck/Spina/Smits Turbulence Data

X - 1.2700E-02 UTAU = 1.2778E+01 RHOW - 6.5472E-01 UINF = 5.7389E+02 8UZV= 1.7333E-05

I Y m U (RU)'V' -R UIV' U'V
UINF R UT2 RV UT2 UT2

1 2.0000E-3 1.0450E+0 5.4974E1- -4.70871+0 3.2775E+0 -2.7042+0
2 3.32101-3 1.2330E+0 6.25671-1 -6.2940E+0 3.91401+0 -3.0362E+0
3 4.75802-3 1.39301+0 6.8382E-1 -6.1739E+0 3.47551+0 -2.53541+0
4 6.21101-3 1.52101+0 7.2705E-1 -7.44561+0 3.8664E+0 -2.71371+0
5 7.65301-3 1.67801+0 7.7466E-1 -1.05251+1 4.9514E+0 -3.4124E+0
6 9.1020E-3 1.9520E+0 8.48611-1 -5.9654E+0 2.3629E+0 -1.7446EO
7 1.05601-2 2.22001+0 9.07951-1 8.36041+0 -2.8140E+0 2.46931+0
8 1.19901-2 2.37401+0 9.37271E-1 -1.9137E+0 5.88101-1 -5.72881-1
9 1.3420Z-2 2.47301+0 9.5327Z-1 -5.30241+0 1.5385Z+0 -1.49671+0
10 1.48601-2 2.54001+0 9.63411-1 -4.80421+0 1.34131+0 -1.2843E+0
11 1.63301-2 2.60101+0 9.71761-1 -4.41659+0 1.19151+0 -1.11201+0
12 1.7790E-2 2.66901+0 9.82591-1 -3.85321+0 1.0008E+0 -9.06951-1
13 1.92501-2 2.69801+0 9.85071-1 -2.96181+0 7.57241-1 -6.7510E-1
14 2.07001-2 2.73301+0 9.88551-1 -2.29651+0 5.75821-1 -5.03651-1
15 2.21901-2 2.78001+0 9.9491Z-1 -1.87821+0 4.59061-1 -3.93341-1
16 2.36401-2 2.80501+0 9.97901-1 -1.17191+0 2.82651-1 -2.39431-1
17 2.51001-2 2.80901+0 9.96901-1 -7.36831-1 1.77285-1 -1.49331-1
18 2.64201-2 2.81501+0 9.96901-1 -3.7002Z-1 8.8729Z-2 -7.44131-2

D 19 2.78201-2 2.82401+0 9.96901-1 -1.73471-1 4.14202-2 -3.45401-2
20 2.92101-2 2.82801+0 9.97901-1 -1.53921-1 3.66591-2 -3.05321-2
21 3.05401-2 2.83109+0 9.97901-1 -9.09781-2 2.16255-2 -1.79611-2
22 3.18601-2 2.83501+0 9.98891-1 -7.67091-2 1.82021-2 -1.51151-2
23 3.31201-2 2.83701+0 9.9988E-1 -6.8653E-2 1.62701-2 -1.35161-2
24 3.43601-2 2.83701+0 9.9988E-1 -7.02549-2 1.66512-2 -1.38321-2
25 3.57101-2 2.83101+0 9.99881-1 -7.05691-2 1.67268-2 -1.38951-2
26 3.70501-2 2.83601+0 9.99881-1 -6.33133-2 1.50173-2 -1.24891-2
27 3.83101-2 2.83401+0 9.98891-1 -5.51961-2 1.31055-2 -1.08901-2



8701-C-3 12K-5

87010308 Nuck/Spina/Smits Turbulence Data

I - 2.54003-02 TrU - 1.4343E+01 RHO - 7.16021-01 U131 - 5.6388E+02 M1UK3 1.7104E-05

I y m U (RU)' R U'2 U'2
UI1F R UT RW UT2 UT2

1 1.30001-3 9.89803-1 5.31361-1 6.15893+0 1.70001+1 1.35671+1
2 1.81001-3 1.04901+0 5.5671N-1 6.77451+0 1.90621+1 1.50271+1
3 3.20001-3 1.16801+0 6.05201-1 9.26461+0 3.00851+1 2.28931+1
4 4.62001-3 1.29601+0 6.5339E-1 1.09961+1 3.47781+1 2.52581+1
5 6.04001-3 1.43301+0 7.03081-1 1.21021+1 3.38501+1 2.33861+1
6 7.44001-3 1.53901+0 7.38441-1 1.08311+1 2.27181+1 1.50101+1
7 8.8400Z-3 1.63901+0 7.69901-1 1.04721+1 1.79181+1 1.13421+1
8 1.02201-2 1.75501+0 8.0346Z-1 9.61521+0 1.2423E+1 7.49301+0
9 1.16501-2 1.86301+0 8.32711-1 9.92561+0 1.1003E+ 6.32531+0
10 1.30801-2 1.92901+0 8.4884E-1 9.7625E+0 9.5675E+0 5.37661+0
11 1.45201-2 1.89903+0 8.3922E-1 1.06721+1 1.28251+1 7.78741+0
12 1.59401-2 2.0540E+0 8.7429E-1 6.08971+0 4.20531+0 3.12361+0
13 1.73703-2 2.45303+0 9.51731-1 4.18531+0 1.41371+0 1.21503+0
14 1.88101-2 2.68901+0 9.89191-I 3.39441+0 7.43213-1 6.70881-1

15 2.02401-2 2.77001+0 9.99911-1 2.6703E+0 4.23442-1 3.8525E-1
16 2.16501-2 2.79001+0 1.00281+0 2.11331+0 2.58473-1 2.34391-1
17 2.29401-2 2.80701+0 1.0048E+0 1.64171+0 1.52171-1 1.3731E-1

D 18 2.41601-2 2.81501+0 1.00481+0 1.24541+0 8.65992-2 7.7901E-2
19 2.55201-2 2.81601+0 1.00481+0 8.0453E-1 3.60693-2 3.24281-2
20 2.68901-2 2.81601+0 1.00381+0 7.3986E-1 3.04302-2 2.7301E-2
21 2.82601-2 2.81601+0 1.00281+0 6.78123-1 2.55388-2 2.2879E-2
22 2.92501-2 2.81601+0 1.00281+0 6.2667E-1 2.1809Z-2 1.95381-2
23 3.06301-2 2.8160E+0 1.0028E+0 5.9231E-1 1.9462Z-2 1.7424E-2
24 3.20001-2 2.81801+0 1.00381+0 5.6099E-1 1.7447E-2 1.5636E-2

87010404 Muck/Spina/Saits Turbulence Data

X - 2.54001-02 UTAU - 1.47763+01 R80 = 6.74701-01 UIF = 5.7389E+02 MUEV: 1.79191-05

z y K U (RU)'V, -R U'V' UV'
UIl? RV UT2 a1 UT2 UT2

1 2.00001-3 1.06901+0 5.71781-1 -3.0638E+0 2.10271+0 -1.64971+0
2 3.37701-3 1.18301+0 6.18101-1 -4.09051+0 2.62291+0 -1.9838E+0

3 4.82801-3 1.32601+0 6.72731-1 -5.27991+0 3.09941+0 -2.22441+0
4 6.27101-3 1.45901+0 7.20173-1 -6.90801+0 3.73241+0 -2.54911+0
5 7.71701-3 1.55701+0 7.53011-1 -7.69661+0 3.90701+0 -2.56111+0
6 9.16801-3 1.66303+0 7.86163-1 -8.64151+0 4.10351+0 -2.57051+0
7 1.06103-2 1.77403+0 8.18291-1 -1.0091E+ 4.46721+0 -2.66881+0
8 1.20701-2 1.86703+0 8.43731-1 -8.78771+0 3,67063+0 -2.10923+0
9 1.35401-2 1.92301+0 8.5691C-1 9.77331+0 -3.94341+0 2.22993+0
10 1.49701-2 1.90903+0 8.51231-1 1.25459+1 -5.10571+0 3.29021+0
11 1.63901-2 2.19509+0 9.1428Z-1 -1.86311+0 6.36441-1 -5.02261-1
12 1.78403-2 2.53803+0 9.76821-1 -1.93231+0 5.4022E-1 -4.72863-1
13 1.9330Z-2 2.73603+0 1.0075+O -1.40061+0 3,50693-1 -3.18533-1
14 2.08001-2 2.77703+0 1.01241+0 -7.45981-1 1.82621-1 -1.65753-1
15 2.22601-2 2.80203+0 1.01671+0 -4.65941-1 1,1252E-1 -1.01471-1

D 16 2.37201-2 2.81203+0 1.01671+0 -2.81493-1 6.76091-2 -6.08571-2
17 2.52101-2 2.81601+0 1.01671+0 -1.83093-1 4.38901-2 -3.94331-2
18 2.66801-2 2.81601+0 1.01671+0 -9.97541-2 2.39191-2 -2.14863-2
19 2.81201-2 2.81603+0 1.01461+0 -5.21621-2 1.25033-2 -1.11861-2
20 2.96001-2 2.81601+0 1.01461+0 -4.58441-2 1.09881-2 -9.83061-3

21 3.10803-2 2.81603+0 1.01463+0 -3.0236Z-2 7.24843-3 -6.48543-3
22 3.25609-2 2.81903+0 1.01561+0 -4.17541-2 9.99131-3 -8.93683-3
23 3.404O-2 2.8220340 1.01671+0 -2.74353-2 6.55533-3 -5.86431-3



12K-6 8701-C-4

87010310 Muck/Spina/Snits Turbulence Data

X - 5.08001-02 UTAU = 1.5553E+01 R808 = 8.1568E-01 UIN18- 5.6388E+02 MUIW= 1.6794E-05

I Y 15 U (RU)' R U32 U32
13115 AV UT R8 UT2 U372

1 1.65001-3 1.13809+0 5.85751-1 6.00282+0 1.36621+1 1.0860E+1
2 2.71001-3 1.20901+0 6.14961-1 7.4925E+0 1.93795+1 1.52411+1
3 4.19001-3 1.30501+0 6.4961E-1 8.85491+0 2.33171+1 1.77061+1
4 5.61605-3 1.40301+0 6.8427E-1 9.68471+0 2.3765E+1 1.73505+1
5 7.05009-3 1.5050Z+0 7.18131-1 1.1413E+1 2.79891+1 1.96661+1
6 8.47001-3 1.63901+0 7.60011-1 1.1754E+1 2.36575+1 1.56941+1
7 9.88905-3 1.75701+0 7.93281-1 1.1653E+1 1.90391+1 1.20111+1
8 1.13401-2 1.8540E+0 8.1962E-1 1.06701+1 1.35125+1 8.16195+0
9 1.27801-2 1.94809+0 8.43281-1 9.66631+0 9.42871+0 5.45151+0
10 1.4180E-2 2.02909+0 8.6189E-1 8.29775+0 6.02145+0 3.34255+0
11 1.5630E-2 2.0980E+0 8.76151-1 6.9131E+0 3.71691+0 2.00001+0
12 1.70601-2 2.15101+0 8.8437E-1 4.99405+0 1.76271+0 9.2044E-1

A13 1.85001-2 2.17501+0 8.88431 3.3583E+0 7.7108E-1 4.0122E-1
14 1.99301-2 2.23401+0 8.9922E-1 2.1884E+0 3.07181-1 1.6114E-1
15 2.13701-2 2.4040E+0 9.31301-1 5.4592N+0 1.81D29+0 1.10441+0
16 2.27805-2 2.49001+0 9.4566E-1 6.6317E+0 3.35021+0 2.,;389E+0
17 2.4240E-2 2.70301+0 9.77741-1 6.6662E-1 3.00261-2 2.8852E-2
18 2.5690E-2 2.79601+0 9.91101-1 4.80311-1 1.4354E-2 1.41005-2

D 19 2.7130E-2 2.82101+0 9.9407E-1 4.91401-1 1.4748E-2 1.46131-2

87010405 Muck/Spina/Saits Turbulence Data

X - 5.0800E-02 137AU 1.6026E+01 R808 = 7.68181-01 13187 = 5.7389E+02 81318= 1.h.06L-05

I y m U (RU),V, -R U'V WIV'

13187 Ri 1372 Ri 13T2 13T2

1 2.00005-3 1.15101+0 5.99881-1 -1.78745+0 1.16801+0 -9.3120E-1
2 3.27401-3 1.24101+0 6.34075-1 -2.39691+0 1.4830E+0 -1.14871+0
3 4.72001-3 1.33901+0 6.7058C-1 -3.51781+0 2.04791+0 -1.53611+0
4 6.24601-3 1.42401+0 6.99965-1 -4.98525+0 2.75271+0 -1.99791+0
5 7.5870E-3 1.55705+0 7.44185-1 -6.22871+0 3.16291+0 -2.17661+0
6 9.0250E-3 1.69001+0 7.8419E-1 -7.91791+0 3.69661+0 -2.39961+0
7 1.0470Z-2 1.78701+0 8.12075-1 -8.76095+0 3.84875+0 -2.39911+0
8 1.1940E-2 1.90701+0 8.4396E-1 -1.00201+1 4.08231+0 -2.40945+0
9 1.33801-2 1.98001+0 8.6181E-1 -8.95011+0 3.48615+0 -1.98581+0
10 1.48101-2 2.0630R+0 8.80261-1 -6.31971+0 2.33859+0 -1.27881+0
11 1.62301-2 2.11305+0 8.8969E-1 -3.91961+0 1.4069E+0 -7.5162E-1
12 1.7700E-2 2.16601+0 8.97911-1 -2.36641+0 8.2256E-1 -4.2730E-1
13 1.9160S-2 2.18801+0 9.02631-1 -7.16651-1 2.45801-1 -1.2861E-1
14 2.06301-2 2.31201+0 9.26191-1 7.24391+0 -2.30731+0 1.27715+0
15 2.201Z-2 2.50301+0 9.60191-1 1.45721+1 -4.15569+0 3.00051+0
16 2.3490E-2 2.57501+0 9.70925-1 1.35421-1 -3.70881-2 3.4330E-2
17 2.48901-2 2.76801+0 9.9971-1 -4.0736E-2 1.0022E-2 -9.7743Z-3

0 18 2.62901-2 2.80901+0 1.00481+0 -4.70501-2 1.13211-2 -1.1177E-2



I

8741-C-5 12K-7

87010313 Ruck/Spina/Smits Turbulence Data

X = 1.3910E-01 UTU = 1.9258E+01 RHOW - 7.6175E-01 uirr = 5.6388E+02 MUMV- 1.7020E-05

I U (RU) R U'2 U'2

UIN0 RV UT RW UT2 UT2

1 1.30001-3 1.34101+0 6.6439K-i 1.0112E+0 2.6218K-I 1.7946g-1
2 1.5300E-3 1.3580K 0 6.7059E-i 3.01271+0 2.2718E+0 1.5487E+0
3 1.89001-3 1.3800E+0 6.7919E-i 5.1858E+0 6.5279E+0 4.4335E+0
4 2.2700K-3 1.4030E+0 6.8789E-i 6.3039K+0 9.32331+0 6.3003E+0
5 2.6400K-3 1.4270K+0 6.9608E-1 6.4839E+0 9.5234K 0 6.3974E+0
6 3.OOOOK-3 1.4500K+0 7.0398E-i 6.73921+0 9.8934E+0 6,5816E+0
7 3.97001-3 1.4950E+0 7.1888E-i 7.3867E+0 1.10411+1 7.21751+0
8 5.18001-3 1.55001+0 7.35771-1 7.8395E+0 1.1392E+1 7.3101E+O
9 6.68001-3 1.59101+0 7.48271-1 8.1118E+0 1.14961+1 7.3157E+0

10 8.16001-3 1.6580E+0 7.6776E-1 8.9550E+0 1.2521E+1 7.75751+0
11 9.69001-3 1.7210E+0 7.8636E-1 9.4619E+O 1.25971+1 7.6235E+o
12 1.1190E-2 1.80101+0 8.0885E-1 1.0005E+1 1.2331E1+ 7.2245E1O
13 1.27001-2 1.8890E+0 8.3214E-I 1,08371+1 1.24171+1 6.9876E+0
14 1.42201-2 1.96701+0 8.50841-1 1.0453E+1 1.0055E+I 5.4351E+0
15 1.57301-2 2.0370Z+0 8.66631-1 1.0367E+1 8.7466E+0 4.5602E+0
16 1.7270E-2 2.10801+0 8.82031-I 1.0334E+1 7.6861E+0 3.8726E+0
17 1.87901-2 2.1620140 8.9372E-1 8.31401+0 4.53121+0 2.22491+0
18 2.03201-2 2.17701+0 8.95621-1 6.9026E+0 3.03061+0 1.47031+0
19 2.18501-2 2.1930E+0 8.97621-1 5.3310E+0 1.75201+0 8.40001-1
20 2.34101-2 2.19301+0 8.98221-1 4.09891+0 1.03491+0 4.9582E-1

D 21 2.49301-2 2.19001+0 8.95121-1 2.42341+0 3.61591-1 1.72421-1
22 2.64901-2 2.19301+0 8.95921-1 1.4331E+0 1.25681-1 5.97951-2
23 2.79801-2 2.1830E+0 8.9292E-I 8.8165E-1 4.8101E-2 2.28661-2
24 2.78401-2 2.1840E+0 8.93021-1 9.9206E-1 6.08301-2 2.89081-2
25 2.78701-2 2.18301+0 8.92921-1 8.1490Z-1 4.10441-2 1.9502E-2
26 2.78901-2 2.18301+0 8.9292E-i 8.2854E-1 4.24481-2 2.0172E-2

87010408 Huck/Spina/Suits Turbulence Data

X - 1.39701-01 UTAU = 1.97071E+01 RHOW - 7.27441-01 UIF = 5.7389E+02 1UEV= 1.764SE-05

1 ¥ K U (RU)'V' -R U'V' UVW

UINF RV UT2 RW U72 UT2

1 1.6200E-3 1.36301+0 6.7653-1 -6.5641E-1 3.7641E-1 -2.56421-1
2 3.06401-3 1.45501+0 7.09301-1 -1.16371+0 6.30191-1 -4.1869E-1
3 4.52301-3 1.50601+0 7.2649E-1 -1.7978E+0 9.62111-1 -6.1456E-1
4 5.9780E-3 1.54401+0 7.37351-1 -2.5840E+0 1.32301+0 -8.5623K-1
5 7.41801-3 1.62901+0 7.63691-1 -3.78501+0 1.83b01O' -1.,.QZ*6
6 8.84801-3 1.68SO+0 7.80271-1 -3.9069E+0 1.82941+0 -1.12301+0
7 1.03001-2 1.75001+0 7.98671-1 -4.39781+0 1.97641+0 -1.18201+0
8 1.17801-2 1.84201+0 8.24301-1 -4.4070E+0 1.86921+0 -1.07471+0
9 1.32501-2 1.90701+0 8.41391-1 -4.30381+0 1.7535E+0 -9.79221-1
10 1.47101-2 1.99301+0 8.61501-1 -5.25431+0 2.02951+0 -1.08261+0
11 1.61801-2 2.057E+0 8.75871-1 -5.0945E+0 1.8929E+0 -9.7785E-1
12 1.76601-2 2.12601+0 8.9095E-1 -3.24411+0 1.15511+0 -5.77191-1
13 1.91301-2 2.16601+0 8.99391-1 -2.03621+0 7.0749Z-1 -3.46571-1
14 2.05901-2 2.18201+0 9.0161E-1 -1.81721+0 6.25641-1 -3.02851-1
15 2.20603-2 2.19301+0 9.02211-1 -7.94801-1 2.71901-1 -1.3026E-1
16 2.35501-2 2.19301+0 9.03011-1 -2.66131-1 9.09961-2 -4.36021-2

D 17 2.50101-2 2.18901+0 8.99801-1 -7.14021-2 2.44871-2 -1.16801-2
18 2.64901-2 2.19301+0 9.00901-1 1.35171-2 -4.6252-3 2.20121-3
19 2.79801-2 2.18301+0 8.97891-1 1.46361-2 -5.0349E-3 2.39441-3
20 2.94301-2 2.18401+0 8.98291-1 -5.63081-3 1.93661-3 -9.1837E-4
21 3.09301-2 2.18301+0 8.98291-1 -1.95411-3 6.7277E-4 -3.19241-4
22 3.24401-2 2.18601+0 8.98691-1 -1.44451-3 4.96091-4 -2.34251-4
23 3.39001-2 2.19301+0 8.99091-1 -1.02471-3 3.50611-4 -1.65011-4



2K-S

87010506 Muck/Spina/Swits Turbulence Data

x - 1.27001-02 UTAU = 7.9006E+00 RHO = 7.3374E-01 UINF = 5.71331+02 UE8= 1.73919-05

SN U (RUP R U'2 U'2
UI0? BV UT BY UT2 UT2

1 2.0000E-3 6.8390E-1 3.79861-1 9.6536E+0 6.59041+1 6.2167E1+
2 3.25901-3 8.76901-1 4.73005-1 1.31881+1 9.95011+1 9.03251+1
3 4.69501-3 1.07501+0 5.60221-1 1.77141+1 1.3697+2 1.1681E+2
4 6.1360E-3 1.25101+0 6.30541-1 2.19131+1 1.6098E+2 1.29141+2
5 7.5630Z-3 1.4070Z+0 6.8615E-1 2.3901E+1 1.49073+2 1.1261E+2

6 9.0230E-3 1.57001+0 7.38991-1 2.33041+1 1.08651+2 7.71651+1
7 1.0480E-2 1.71701+0 7.82941-1 2.0193E+1 6.46141+1 4.3789E+1
8 1.19201-2 1.84001+0 8.16321-1 1.8190E+1 4.3283E+1 2.83041+I
9 1.3360E-2 1.98601+0 8.5307E-1 1.6950E+1 3.0188+I 1.9074E+1
10 1.47801-2 2.14501+0 8.8912E-1 1.7267E+1 2.54689E+1 1.5974Z+
11 1.6250E-2 2.3580E+0 9.30501-1 1.9064E+1 2.5864E+1 1.75001+1

D 12 1.77001-2 2.6600E+0 9.79791-1 1.1648E+ 8.41461+0 7.0634E+0

87010603 Muck/Spina/Saits Turbulence Data

X 1 I.27001-02 UTAU - 7.8623E+00 RHO = 7.4091E-01 UINF = 5.7456E+02 UE= 1.7259E-05

1 y N U (RU)'V' -a U'V' U'V
UINF RW UT2 BY UT2 UT2

1 2.0000E-3 6.83901-1 3.7592E-1 -5.96801+0 5.0272E+0 -4.7425E+0
2 3.38001-3 8.8320Z-1 4.7093E-1 -1.3292E+1 1.01341+1 -9.2014E+0
3 4.81201-3 1.09809+0 5.6408E-1 -2.87361+1 1.93849+1 -1.64831+1
4 6.25201-3 1.2630E+0 6.2869E-1 -3.64211+1 2.22281+1 -1.7764E+2
5 7.6850E3 1.42701+0 6.85581-1 -3.9573E+1 2,18221+1 -1.6361E+1
6 9.1310E-3 1.58401+0 7.3553E-1 -5.0789E+1 2.53541+1 -1.7941E1+
7 1.05801-2 1.7320E+0 7.7912E-1 -5.2284E+ 2.3775E+1 -1.6024E+1
8 1.20101-2 1.8510E+0 8.1079E-1 -4.45419+1 1.87941+1 -2.2252E1+

9 1.34308-2 1.99709+0 8.4686E-1 -4.0293E+1 1.5527E+1 -9.78931+0
10 1.48501-2 2.15701+0 8.8244E-1 -1.34641+1 4.70591+0 -2.95341+0
11 1,63201-2 2.3540E+0 9.2007E-1 4.15191+1 -1.29041+1 8.75221*0

D 12 1.77701-2 2.67801+0 9.7226E-1 4.01791+0 -1.03861+0 8.8344E-1

87D30507 HuckSpina/SMits Turbulence Data

X = 2.54001-02 UTAU = 1.0859E+01 RHO 8.3300E-01 UINF = 5.7133E+02 MKiEW= 1.7347E-05

1 y m U (RU), R U'2 U'2
INY 18 0T BY UT2 UT2

1 2.00001-3 7.68001-1 4.20811-1 7.8711E+0 3.87781+1 3.67861+1
2 3.2420t-3 8.77001-1 4.7153E-1 9.07521+0 4.59961+1 4.07651+1
3 4.6920t-3 1.05301+0 5.48691-1 1.2333E+1 6.74471+1 5.70411+1

4 6.1520t-3 1.23101+0 6.19761-1 1.52281+1 7.89601+1 6.28641+1
5 7.59201-3 1.39701+0 6.80111-1 1.70981+1 7.64401+1 5.71621+1
6 9.02201-3 1.55401+0 7.3172E-1 1.83961+1 6.84218+1 4.81133+3
7 1.04501-2 1.68103+0 7.70452-1 1.78781+1 5.22961+1 3.49691+1
8 1.19308-2 1.8470%+0 8.16062-1 1.57531+1 3.09311+1 1.94508+1
9 1.3380t-2 1.96101+0 8.43581-1 1.43031+1 2.12991+1 1.29229+1
10 1.48601-2 2.08301+0 8.71691-1 1.19981+1 1.26901+1 7.59171+0

0 11 1.63101-2 2.18601+0 8.93321-1 1.01061+1 8.09361+0 4.94641+0
12 1.77901-2 2.18001+0 8.89481-1 1.28691+1 1.52281+1 1.07211+1
13 1.92401-2 2.23001+0 8.97841-1 9.58221+0 9.84351+0 8.58951+0



8701I-(-7 I2

87010604 MucklSpiria/Saits Turbulence Data

X - 2.54001-02 U'TAI - 1.09421+01 8808 - 8.2031E-01 UIKNY 5.7456E+02 I8018= 1.75571-05

I y K U (RU),V, -R UIV UIV,
0287 RV 1rr2 RV UT2 UT2

1 2.00001-3 7.68001-1 4.2187E-l -5.263S9+0 4.2589E+0 -3.8254E+0
2 3.44001-3 8.94001-1 4.80311-1 -9.51359L+0 7.20891+0 -6.36681+0
3 4.89101-3 1.06101+0 5.5333E-1 -1.36841+1 9.43431+0 -7.99061+0

46.33209-3 1.24301+0 6.25961-1 -1.60771+1 9.93271+0 -7.89581+0
57.76001-3 1.40201+0 6.8331S-1 -2.92471+1 1.63771+1 -1.22541+1

6 9.17301-3 1.56201+0 7.3603Z-1 -2.65161+1 1.34241+1 -9.41431+0
7 1.0610E-2 1.69801+0 7.17221-1 -2.43561+1 1.1313E+1 -7.52631+0
8 1.20801 2 1.85701+0 8.20881-1 -2.60071+1 1.09291+1 -6.85731+0
9 1.35401-2 1.98101+0 8.50541-1 -2.3257E+1 9.05051+0 -5.46501+0

10 1.49801E-2 2. 09001+0 8.75471-1 -1.37391+1 5.00071+0 -2.99441+0
D 11 1.6440E-2 2.18901+0 8.9577E-1 7.08241.0 -2.4287S+0 1.4968E+0

12 1. 7920E-2 2.18501+0 8.92621-1 4.8459E+1 -1.66551+1 1.19591+1
13 1.9310E-2 2.24201+0 9.02281-1 1.62861+1 -5.41031+0 4.80111+0

X = 4 :14D.E02 0U = .20 7E+1RO .24-1UN 5.7133E+02 8131V 1.17311E-05

1 2.OOO-3 .422Z-14.584Z- 6.912+O 2652E+12.2093E+1
2 329OE-39.34OK1 S005E-18.7377Z+0 3.7560E+1 3.I'511+!

3 4.70001-3 1.04901+0 5.49151-1 1.0343E+1 4.59869+1 3.';241+1
4 6.1900E-3 1.16901+0 5.9737E-1 1.2928E+1 6.0744E+1 4.7987E+1
5 7.64001-3 1.34401+0 6.63681-1 1.41351+1 5.5726E+1 4.16371+1
6 9.10001-3 1.46701+0 7.0608E-1 1.6136E+1 5.9664E+1 4.26561+2
7 1.05601-2 1.63901+0 7.6003E-1 1.7043t+1 5.00091+1 3.3355E+1
8 1.20401-2 1.74901+0 7.9195E-1 1.53761.1 3.3833E+1 2.1566E+1
9 1.35101-2 1.89401+0 8.3119E-1 1.31411+1 1.9316K+1 1.1568E+l
10 1.4970C-2 1.9730E+0 8.5026E-1 1.05651+1 1.09741+1 6.38491+0
11 1.6430E-2 2.08601+0 8.74771-1 7.9040E+0 5.10891+0 2.84571+0
12 1.79001-2 2.12501+0 8.8119E-1 5.3723E+0 2.24851+0 1.25321+0
13 1.93801-2 2.19101+0 8.9374E-1 4.15101+0 1.2678E+0 7.2372E-1

D 14 2.0860E-2 2.38101+0 9.30301-1 1.4271E+1 1.37731.1 9.0967E+0
15 2.23201-2 2.5750E+0 9.62421-1 7.96281+0 5.0602E.0 4.96021.0

87010605 Muck/Spina/Saits Turbulence Data

X 4.14001-02 UTAU = 1.2140E+01 RH808 9.0174E-01 UINF = 5.7456E+02 801W= 1.7475E-05

I y N U (RU)'Y -R UIV IV.

0281 R8 UTY2 RV UT2 UT2

1 2.00001-3 8.4220E-1 4.5793R-1 -4.72351+0 3.67951+0 -3.06251+0
2 3.41201-3 9.48101-1 5.05371-1 -6.60911+0 4.86081+0 -4.02401+0
3 4.84401-3 1.05001+0 5.49751-1 -9.83211+0 6.82121+0 -5.57471+0
4 6.2770E-3 1.17501+0 5.99571-1 -1.4601E+1 9.40611+0 -7.41751+0
5 7.73201-3 1.35801+0 6.6866E-1 -1.8814E+1 1.08331+1 -8.04981+0
6 9.15701-3 1.47201+0 7.07608-1 -1.7913E+1 9.60091+0 -6.85241+0
7 1.06001-2 1.64001+0 7.60488-1 -2.04651+1 9.85921+0 -6.57161+0

8 1.20301-2 1.74701+0 7.91621-1 -1.9864E+1 8.94251+0 -5.70161+0
9 1.34801-2 1.89101+0 8.30661-1 -1.76051+1 7.24251+0 -4.34131+0

10 1.49501-2 1.973019+0 8.50331-1 -1.3253R+1 5.1847E+0 -3.01731+0
11 1.63901-2 2.08501+0 8.74841-1 -5.23851+0 1.91321+0 -1.06561+0
12 1. 78101-2 2.12101+0 8.8057E-1 -8.92261-1 3.1862E-1 -1.77501-1
13 1.92201-2 2.18101+0 8.9204E-1 9.90541+0 -3.41271+0 1.93921+0

D 14 2.07009-2 2.36401+0 9.27521-1 8.03251+1 -2.48331+1 1.58711+1
15 2.21501-2 2.60101+0 9.66861-1 8.87301+0 -2.39441+0 2.19861+0



12K-10 87) -C-8

87010511 Kuck/Spina/Smita Turbulence Data

X - 9.52001-02 UTAU - 1.61351+01 RHOW = 9.7944K-01 UIN - 5.71331+02 UE8- 1.7552E-05

I Y K U (RU)' R U'2 U'2
U0NF RV UT RV UT2 UT2

1 2.00001-3 1.0820E+0 5.65681-1 6.14761+0 1.4882E+1 1.1530E+1
2 3.41001-3 1.15901+0 5.97541-1 7.15201+0 1.8523E+1 1.44061+1
3 4.8800E-3 1.21601+0 6.19351-1 7.6985E+0 1.99351+1 1.53951+1
4 6.36001-3 1.28901+0 6.46231-1 8.3574E+0 2.12031+1 1.6122E1+
5 7.8300E-3 1.36301+0 6.7302E-1 9.61211+0 2.5153E+1 1.87581+1
6 9.28001-3 1.46001+0 7.0638E-1 1.07801+1 2.71723+1 1.96251+1
7 1.07503-2 1.55701+0 7.37641-1 1.1422E+1 2.5826E+1 1.7853E+1
8 1.2220E-2 1.67801+0 7.74881-1 1.26771+1 2.5903E+1 1.69991+1
9 1.37003-2 1.78301+0 8.0545E-1 1.1312E+1 1.7199E+1 1.07451+1

10 1.51701-2 1.87501+0 8.3094E-1 1.1331E+1 1.46613+1 8.75211+0
11 1.6650E-2 1.94601+0 8.4767E-1 9.1777E+0 8.4494E+0 4.8468E+0
12 1.81101-2 1.99501+0 8.58031-! 6.8482E+0 4.2793E+0 2.37501+0

D 13 1.9610E-2 2.0100E+0 8.6072E-1 5.51931+0 2.6951E+0 1.4778E+0
14 2.11101-2 2.0150E+0 8.6171E-1 3.2023E+0 8.9645E-1 4.8858E-1
15 2.25703-2 2.0090E+0 8.5912E-1 2.0942E+0 3.8612E-1 2.1044E-1
16 2.4080-2 2.00801+0 8.5753E-1 1.3933E+0 1.7088E-1 9.3027E-2
17 2.55701-2 2.0020E+0 8.55241-1 1.0070E+0 9.0153E-2 4.9182E-2
18 2.70501-2 2.0020E+0 8.5574E-1 1.0776E+0 1.04101-1 5.7254E-2
19 2.85601-2 2.00201+0 8.55841-1 9.9210E-1 8.8884E-2 4.9250E-2
20 3.00601-2 1.9950E+0 8.54241-1 1.0083E+0 9.3474E-2 5.2297E-2
21 j.1550E-2 2.0090E+0 8.5743E-1 1.0267E+0 9.5581E-2 5.3646E-2
22 3.30801-2 2.02401+0 8.6062E-1 1.0115E+0 9.14331-2 5.15111-2
23 3.45903-2 2.0340E+0 8.6271E-1 9.7217E-1 8.3942E-2 4.7609E-2
24 3.61001-2 2.1040E+0 8.7814E-1 3.9543E+0 1.3227E+0 7.7945E-1
25 3.7620E-2 2.3280E+0 9.2444E-1 4.9760E+0 2.5263E+0 2.3615E+0
26 3.91501-2 3.1680E+0 1.0465E+0 3.6420E-1 8.3666E-3 1.2420E-2

87010608 Muck/Spina/Suits Turbulence Data

X = 9.5200E-02 UTAU = 1.6194E+01 RHOW = 9.7239E-01 UINF = 5.7456E+02 3UEW= 1.7651E-05

I y K U (RU)'V' -R 0V U'V.

UINF RW UT2 RV 072 UT2

1 2.0000E-3 1.0820E+0 5.64581-1 -8.1021E-1 5.5171E-1 -4.27341-1
2 3.44301-3 1.1600E+0 5.9708E-1 -1.7077E+0 1.1100E+0 -8.6435E-1
3 4.8240E-3 1.2140E+0 6.17551-1 -2.2774E+O 1.43221+0 -1.1056E+0
4 6.20401-3 1.2790E+0 6.4140E-1 -4.20451+0 2.5412E+0 -1.9384E+0
5 7.66401-3 1.35101+0 6.6774E-1 -6.7496E+0 3.9006E+0 -2.9209E+0
6 9.1241E-3 1.44801+0 7.0123E-1 -8.7417E+0 4.7547E+0 -3.4509E+0
7 1.05701-2 1.54001+0 7.31041-1 -1.0914E+1 5.59991+0 -3.9006E+0
a 1.20101-2 1.66203+0 7.6851E-1 -1.36803+1 6.4992E+0 -4.29881+0
9 1.34401-2 1.7620E+0 7.9793E-1 -1.5850E+1 7.0696E+0 -4.45791+0

10 1.49201-2 1.85801+0 8.24761-1 -1.24641+1 5.24461+0 -3.15801+0
11 1.63901-2 1.93601+0 3.43541-1 -1.25541+1 5.02391+0 -2.9004E+0
12 1.78601-2 1.99201+O 8.55961-1 -1.15501+1 4.4634E+0 -2.4856E+0

D 13 1.93201-2 2.0090E+0 8.58751-1 -6.48451+0 2.48051+0 -1.3619E+0
14 2.08101-2 2.01601+0 8.60441-1 -3.58091+0 1.3638E+O -7.4363E-1
15 2.22901-2 2.00901+0 8.57651-1 -1.5267E+0 5.8393E-1 -3.1825E-1
16 2.37601-2 2.00901+0 8.56261-1 -3.76481-1 1.44001-1 -7.8405E-2
17 2.52301-2 2.00201+0 8.53381-1 -7.66371-2 2.94391-2 -1.6034E-2
18 2.67001-2 2.00201+0 8.53981-1 1.16191-1 -4.46343-2 2.45211-2
19 2.81703-2 2.00201+0 8.54171-1 1.51933-1 -5.83711-2 3.2284E-2
20 2.96601-2 1.9980E+0 8.53281-1 1.90561-1 -7.33671-2 4.0933E-2
21 3.11301-2 2.00601+0 8.55071-1 2.23551-1 -8.56591-2 4.7998E-2
22 3.26101-2 2.01603+0 8.57261-1 2.30501-1 -8.77661-2 4.94561-2
23 3.41001-2 2.03001+0 8.60241-1 2.73571-1 -1.03293-1 5.8315E-2
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m: 2.9 8702
R Theta . 10-3: 90

,,,,,: 1.1 CSF
Blowdown tunnel with symmetrical contoured nozzle. Max. running time "several

minutes", normally 60 seconds. W = H = 203 m. L up to 2.7 m.

PO: 0.69 MNIa
2
. TO: 260 - 310 1. Air. Re/s x 10-6: 63.

JAYARAM M., TAYLOR M.W., SMITS A.J., 1987. The response of a compressible turbulent

boundary layer to short regions of concave surface curvature. J. Fluid Mech. 175,

343-362.

And: Jayaram et al, (1985), Donovan & Suits (1987), Taylor, M.W., CAT840T.

A.J.Smits, data tapes and private communications.

1 The mean flow for these tests is described in CAT8401T, q.v.. This entry is concerned
only with the turbulence measurements on three of the four curved ramps, corresponding to
CAT8401T series 01, 02 and 04. The data for the first two series, obtained by Jayaram
et al., has been supplemented by the recent data of Donovan & Suits (1987) for series 04.

8 The data were measured along a line 12.7 mm off the centreline. Probes were supported
from the tunnel roof opposite the test surface. The traverses were made normal to the
surface at the profile 3tation. The copper-plated, soft-soldered, sensor wires (d = 5 Jm,
active length about 0.8 ma) were slightly slackened to avoid strain-gauging. The inclined
wires were set at about 60" to the mean-flow direction. The support prongs were about 2 ma
long and mounted in a cylindrical holder (d = 2.5-4 ma) the front of which formed a wedge
with 30' included angle. The wires were operated in the constant-temperature mode, using
a DISA 55M10 anemometer. The system frequency response was typically 10 Hz - 120 kHz.
The techniques are described in Suits et al. (1983) and Suits & Muck (1984). The authors
warn that HWP data (inclined wires only, Saits PC) for mean flow Mach numbers below 1.2
may be of dubious quality as a result of calibration difficulties in the transonic range.

13 Five series of turbulence profiles are given. Suries 870201/02 are inclined-wire profiles
corresponding to the mean flow series CAT840101/02. Series 870203/04 are normal-wire
profiles again for 840101/02. There are no turbulence data corresponding to 840103.
Series 870205 gives three normal-wire profiles for the mean flow of 840104. The last two
digits of the profile numbers are the same for CAT8401T and CAT8702T, save that 870501
was measured upstream of 840401, at X = -0.0635 m. There are no turbulence profiles for
84010101/2, 84010201/2/12 otherwise there are both normal and inclined-wire profiles for
both series. For 840104, the three profiles correspond to 840401/07/11.

9 The authors have interpolated the mean-flow data to the Y-values of the hot-wire probes,
10 and incorporated no profile corrections. The editors have selected a D-state on the basis
13 of the total pressure profiles. Otherwise the profiles are presented incorporating the

assumptions and data-reduction procedures of the authors. The wall data are also those
presented with the profiles, which describe boundary layers subjected to distributed
simple-wave compression caused by concave curved surfaces.

I DATA: 87020101-0503. Mean flow from CAT8401T. Normal and inclined-wire turbulence
profiles. NX =9, 14, 9, 14, 3.

15 Editors' comments.

These results are the first to become available in which reasonably complete coverage of
the turbulent structure of a simple wave APO flow is presented. They form part of a
systematic series studying the effect of "extra strain rates" ou supersonic turbulent
boundary layers. Other closely related experiments are Fernando & Suits (CAT8601T), in
which the longitudinal pressure gradient of CAT 840102/ 870202/04 was reproduced on a
straight wall by a reflected wave structure, and Settles (CAT7904T - mean flow), Smits &
Muck (CAT8701T - turbulence) whose studies of compression-corner flows include 8

° 
and

16" cases giving the same turning as for 870201-04/05 (see "Editors' comments" for
CAT8701T). Other comparable studies are those of Sturek & Danberg, CAT7101, and Laderman,
CAT7803S.
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The turbulence profiles do not go very close to the wall, so that the mean-flow data
given with the. should not be used to determine integral values, which would be seriously
in error. The integral thicknesses etc. should be taken fro, the mean-flow data of
CATS401T.

The flow just outside the boundary layer is shock-free so that a rational assessment of
the edge-state is possible from the PO profile. The data are discussed in 10.2 and 11.2/3
while mean flow and turbulence profiles are given in figures (10.2.2-7, 11.2.11-16,
11.3.2-5).

Table 1: Relationship of hot-wire profiles to mean flow

Note: The final two digits of the profile serial numbers are the same for the hot-wire
profiles and the related mean flow data.

870201, 870203 870202, 870204 870205
with 840101 with 840102 with 840104

at X = at X = at X =

03 -0.0127 03 -0.0127 01 -0.0254
04 0 04 0 07 0.1524
05 0.0127 05 0.0127 11 0.254
06 0.0254 06 0.0254
07 0.0508 07 0.0508
08 0.0762 08 0.0762
09 0.1143 09 0.1016

10 0.1524 10 0.1270
11 0.1778 11 0.1524

13 0.2032
14 0.2286
15 0,2540
16 0.2794
17 0.3175
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87020105 Jayarua/?oraica/Slits Turbulence Dat.

X - 1.27001-02 076u - 2.02261.01 ROW - 3.32201-01 UIF - S.8705102 8U0V- 1.7662E-05

S 0 8 U (RU1 -A U'V' UV

UINF 8V 0t2 Rv uT2 0T2

1 3.30001-3 1.74301*0 7.87471-1 -3.92541 0 1.77211*0 -1.14141 0
2 4.51101-3 1.81101*0 0.0511E-1 -4.0301+0 1.74401*0 -1.106810
3 5.94301-3 1.91001+0 8.28621-1 -3.86671+0 1.57241+0 -9.68831-1
4 7.386O-3 2.00201+0 8.50531-1 -3.3813E*0 1.29831*0 -7.8248E-1
5 8.8360R-3 2.12701*0 8.78421-1 -3.15261*0 1.12161*0 -6.52631-1
6 1.0260Z-2 2.21301*0 8.95061-1 -3.13411*0 1.05881+0 -6.03482-1
7 1.1700t-2 2.33401+0 9.1797E-1 -2.94961+0 9.27581-1 -S.10551-1
8 1.31208-2 2.40201*0 9.30131-1 -2.28691+0 4.91251-1 -3.70521-2
9 1.45701-2 2.45401+0 9.37601-1 -2.15451+0 6.32161-1 -3.29841-1
10 1.60201-2 2.53901+0 9.50751-1 -2.06411+0 5.76861-1 -2.89211-1
11 1.74401-2 2.59401+0 9.5891-12 -3.43441+0 ).38661-1 -1.89861-1
12 1.88101-2 2.68701+0 9.72661-1 -1.37011+0 3.53741-1 -1.65691-1
13 2.02101-2 2.72901+0 9.77341-1 -8.63571-1 2.17086-1 -9.95381-2
14 2.16701-2 2.77601+0 9.82921-1 -6.81041-1 1.66811-1 -7.47561-2
15 2.31302-2 2.82701 0 9.88801-1 1.81911-1 -4.33592-2 1.89691-2
16 2.45801-2 2.83401+0 9.88801-1 -1.96411-1 4.66431-2 -2.03031-2

D 17 2.6020%-2 2.85701-0 9.90691-1 7.53851-3 -1.76761-3 7.59751-4
18 2.74301-2 2.87001*0 9.91991-1 6.10921-2 -1.51562-2 6.47181-3
19 2.88101-2 2.88401+0 9.931-1 8.57691-2 -1.98201-2 8.416-3
20 3.0260t-2 2.88201+0 9.9394-1 4.82591-2 -1.11651-2 4.74571-3

20 3.16408-2 2.88401+0 9.91981-1 9.50991-3 -2.21601-3 9.4050-4
22 3.301-2 2.87001+0 9.92591-1 2.47301-2 -5.7572t-3 2.46091-3
23 3.44301-2 2,87501+0 9.92781-1 6.93891-3 -1.61091-3 6.86411-4

87020107 Jayaram/Foiic/Smits Turbulence Data

X - 5.08001-02 UTAU - 1.90501+01 88 - 4.48331-01 U9F * 5.87051+02 6UV= 1.7696E-05

M U 8 8 (0)V -0 U'V' U.V.
00I? 8 072 88 U72 t2

1 1.42001-3 1.29201*0 6.40021-1 -2.0054+0 1.20251+0 -8.80461-1
2 2.66101-3 1.42901*0 6.88921-1 -2.03511*0 1.12021+0 -7.8692E-1
3 4.03401-3 1.06401*0 7.31841-1 -3.76891*0 1.90001+O -1.2609E0
4 5.38301-3 1.66201+0 7.63111-1 -5.1511T0 2.44701+0 -1.5738+0
5 6.65801-3 1.77401+0 7.92788-1 -6.34791+0 2.80991+0 -1.71831C0
6 7.87201-3 1.8690+0 8.27081-2 -7.3421+0 3.0623)20 -2.90401-0
7 9.24201-3 1.94801*0 8.37591-1 -6.57281+0 2.61111*0 -1.4890+
8 1.05901-2 2.05601+0 8.60901-1 -6.92161+0 2.17171+0 -1.39851+0
9 1.2950-2 2.13201+0 8.77032-1 -6.86961+0 2.43761+0 -1.30601*0
10 1.33201-2 2.30501O 9.11191-1 -6.31791+0 2.021O10 -1.0447Z*0
11 1.46701-2 2.39701+0 9.27021-1 -5.07981+0 1.54021+0 -7.9796t1-
12 1.59801-2 2.46801+0 9.39171-1 -4.29901+0 1.25132+0 -6.57271-1
13 1.73501-2 2.55001+0 9.51321-1 -2.21301+0 6.14361-1 -3.26151-1
14 1.86302-2 2.59701+0 9.8191-1 -1.197110 3.23901-1 -1.76901-1
15 1.99701-2 2.64601+0 9.64961-1 -9.37601-1 2.46751-1 -1.39091-1
16 2.1250-2 2.72301+0 9.74821-1 -7.09201-1 1.78911-1 82691-1
17 2.2701-2 2.62301+0 9.88461-1 -3.56741-1 8.51651-2 -4.96401-2
18 2.38102-2 2.88701+0 9.95831-1 -1.43471-1 3.31161-2 -1.9475E-2
29 2.51801-2 2.89001+0 9.94742-1 -1.74502-1 4.02161-2 -2.36701-2
20 2.64701-2 2.89401+0 9.9S431-1 -1.02169-1 2.34921-2 -1.38131-2
21 2.78701-2 2.90001+0 9.95831-1 -3.11551-2 7.13761-3 -4.18131-3

22 2.91202-2 2.90901+0 9.96031-1 -2.07302-2 4.72841-3 -2.75821-3
23 3.04201-2 2.90001+0 9.95831-1 1.97151-3 -4.51541-4 2.64441-4
24 3.17101-2 2.90001*0 9.95831-1 2.79281-2 -6.39921-3 3.74811-3

25 3.29401-2 2.90001*0 9.95831-1 3.50331-2 -8.02581-3 4.70111-3

87020109 Jayara./?oraica/Saits Turbulence Data

X - 1.14301-01 UAU - 1.95651*2 1 ROV - 4.98181-01 UF - 5.87051+02 KU8v 1.76201-05

I Y m U 8 8U)Y -8 V' U9V
U1) 88 0T2 89 U2 T2

1 1.42001-3 1.37901*0 6.70088-1 -2.45332+0 1.39461+0 -1.01221.0
2 2.70101-3 1.46501+0 6.98991-1 -2.14571*0 1.15481+0 -8.05851-1
9 4.0740-3 1.51301O0 7.15681-1 -9.1111+0 1.66781* -1.1454+0
4 5.36601-3 1.60801*0 7.45281-1 - 0711+0 2.49241+8 -1.60778+O
5 6.7360-3 1.70301*0 7.70021-1 -5.25781+0 2.43441+0 -1.58021+0
6 8.10601-3 1.7680+0 7.88901-1 -5.96761+0 2.65161+0 -1.64791+0
7 9.45601-3 2.864010 8.13931-1 -7.11691+0 2.97841+0 -1.7762+80
8 1.08101-2 1.13701+0 8.3:921-1 -6.99241*0 2.795961+0 -1.60931+0

9 1.21601-2 2.05201+0 8.4051-0 -7.37211+0 2.74461+0 -1.49251+0
10 1.34001-2 2.1270+0 8.73041-1 -6.73691*8 2398010 -1.263320
11 1.47802-2 2.20101*0 8.87451-1 -6.74701+0 2.29691+0 -1.168590
12 1.41401-2 2.27001+0 9.00361-1 -6.356)1+0 2.07781+0 -. 024717+0
13 1.75301-2 2.34201+0 9.13571-1 -5.06881+8 1.58741+8 -7.58921-1
14 1.89301-2 2.40908+0 9.25001-1 -3.57161+0 1.07561+0 -4.99931-1
15 2.0168-2 2.44701+0 9.30161-1 -2.21371+0 6.5170-1 -2.98571-1
16 2.1470-2 2.49310*0 9.37021-1 -1.69421+0 4.85841-1 -2.18721-1
17 2.2830-2 2.5002*80 9.36921-1 -6.55681-1 1.87341-1 -8.42461-2

I 18 2.41581-2 2.51701+0 9.39101-1 -2.90641-1 8.22121-2 -3.69051-2
19 2.55501-2 2.5300480 9.99501-1 -1.38001-1 3.87621-2 -1.73088-2
20 2.69309-2 2.5230+0 9.38518-1 -4.54191-2 1.218051-2 -5.76341-3
21 2.83201-2 2.53802+0 9.41091-1 4.22751-3 -1.18191-3 5.32552-4

22 2.97101-2 2.53001+0 9.4050-1 2.59792-2 -7.29661-3 3.33031-3



12L-4 8702-C-2

37020305 Jayara/Formi+./s.ats Turbulence Data

X - 1.21001-02 071U - 2.04361+01 18OV . 3.25411-01 UI9 - 5.91601+02 3018- 1.19431-05

0 Y U (M' 9'2 U12
013? RV T 80 UT2 U72

1 5.2000E-3 1.86401+0 8.1890E-1 5.12751+0 3.1713+ 1.97201+0
2 6.53001-3 1.968000 8.44641-1 5.05921+0 2.63521+0 1.59451.0

3 8.040OE-3 2.04601+0 8.6220E-1 5.03661+0 2.33131+0 1.38871+0
4 9.6200-3 2.18401+0 8.91941-3 5.2653+0 2.06S110 1.18271+0
5 1.11201-2 2.26101+0 9.05411-1 5.68111+0 2.1500+0 1.21121+0
6 1.26301-2 2.38201+0 9.28701-1 5.77501+0 1.8442E+0 9.96861-1
7 1.4201-2 2.44101+0 9.37141-1 5.83631+0 1.70271+0 8.92751-1
8 1.5810%-2 2.53201+0 9.51401-1 6.03091+0 1.56283+0 7.84361-1

9 1.74001-2 2.59001+0 9.5999E-1 6.31591+0 1.55791+0 7.6089E-1
10 1.89701-2 2.69401+0 9,74951-1 6.3935E0 1.35171+0 6.2954E-1
11 2.03401-2 2.7301+0 9.30041-1 6.1585E+0 1.16861+0 5.3246E-1
12 2.21201-2 2.79401+0 9.36731-1 5.96431+0 1.00201+0 4.44361-1
13 2.37201-2 2.8300E+0 9.90421-1 5.610910 8.38121-1 3.949 -2

D 14 2.53401-2 2.84301+0 9.01421-1 4.96690 6.41611-1 2.77431-1
10 2.69201-2 2.86801+0 9.93111-1 4.43941+0 4.91921-1 2.09781-1

16 2.85301-2 2.87301+0 9.95011-1 3.0819E.0 2.33501-1 9.92321-2
17 3.0160E-2 2.88101+0 9.9541E-1 2.27261+0 1.26401-1 5.36411-2
18 3.17601-2 2.8301+0 9.35511-1 1.81191+0 8.01871-2 3.40021-2

10 3.32601-2 2.87201+0 9.9451E-1 1.3974E+O 4.84751-2 2.06641-2
20 1.4190E-2 2.87201+0 9.9361E-1 1.21691+0 3.67531-2 1.5646E-2
21 3.63401-2 2.8700E+0 9.9311-1 8.1174E-1 1.63981-2 6.99161-3
22 3.13601-2 2..700140 9.94110-1 7.44061-1 1.37871-2 5.8819E-3
23 3.94001-2 2.87001+0 9.93711-1 7.63231-1 1.44921-2 6.17761-3

87020307 Jayara m/Foiraa/Smits Turbulence Data

X = 5.08001-02 UTU - 1.92051+01 R0 = 4.41121-01 UIN - 5.91601+02 MU3 1.7921E-05

I Y m U (RU), R U'2 U2
UIN R 0? RV 0T2 UT2

1 2.74001-3 1.43601+0 6.93141-1 5.06761+0 8.02941+0 5.63031+0
2 4.11001-3 1.56701+0 7.32571-1 6.32451+0 7.49121+0 4.9609E40

3 5.61001-3 1.68501+0 7.69501-1 6.17051+0 5.88951+0 3.74441+0
4 7.10001-3 0.8090E+0 8.01561-1 6.43841+0 5.19:21+0 3.13191+0

5 8.61001-3 1.92001+0 8.30531-1 6.37991+0 4.23401+0 2.43821+0
6 1.0100E-2 2.01001+0 8.50451-1 6.91511+0 4.25931+0 2.35261+0
7 1.16101-2 2.1500E+0 8.81011-1 7.14021+0 3.63591+0 1.91131+0
8 1.31201-2 2.28301+0 9.0601-1 7.34101+0 3.2241+0 2.67061+0

9 1.45301-2 l.39701+0 9.25121-1 7.06661+0 2.62601+0 1.35871+0
10 1.61201-2 2,4720E+0 9.39751-1 6.62811+0 2.12411+0 1.11791+0
11 1.76401-2 2.56201+0 9.52891-1 6.17221+0 1.6791E+0 8.9430E-1
12 1.91401-2 2.60701+0 9.59379-1 5.17981+0 1.16501+0 6.44711-1
13 2.07101-2 2.6080+0 9.70221-1 4.10631+0 6.85841-1 3.90161-1
14 2.22801-2 2.80501+0 9.86151-1 3.37311+0 4.13301-1 2.3937E1-

D 15 2.38801-2 2.89001+0 9.9660E-1 2.61621+0 2.29931-1 1.35159-1
16 2.55001-2 2.89001+0 9.94711-1 1.97851+0 1.31441-3 7.72701-2
17 2.70901-2 2.90001+0 9.9561E-1 1.48051+0 7.2466E-2 4.2392E-2
18 2.06101-2 2.90601+0 9.96601-1 1.03991+0 3.54601-2 2.07061-2
19 3.01601-2 2.90001+0 9.9561E-1 9.46441-1 2.960S-2 1.73161-2
20 3.1680-2 2.90001+0 9.95611-1 6.0039E-1 1.19571-2 6.9941E-3
21 3.31201-2 2.90001+0 9.95611-1 5,8257E-1 1.1223E-2 6.5643E-3
22 3.46401-2 2.90001+0 9.9561E-1 5.45801-1 9.84571-3 5.75921-3
23 3.61601-2 2.9000E0+ 9.95611-1 5.3747E-1 9.5443E-3 9.58231-3
24 3.77101-2 2.90001+0 9.95611-1 S.38471-1 9.5885E-3 5.60371-3

25 3.9250-2 2.9000E+0 9.95611-1 5.07431-1 1.0266E-2 6.0037E-3

87020309 Jayaran/formica/s.ita Turbulence Data

-* 1.14301-01 tAU - 1.9686+01 9OV - 4.92071-01 U3F + 5.91601+02 8UV 1.77911-05

1 y 8 0 (8U)' 8 U2 U'2
UIN 8V UT RV UT2 UT2

1 2.43000-31 .4401+0 6.9167E-1 5.7671+0 7.72241+0 5.44371+0
2 3.8101-3 1. .00-0 7.1070E-1 6.06021+0 7.78841+0 5.34881+0
3 5.33301-3 1.60701+0 7.43111-1 6.57601+0 7.72911+0 5.1366.+0
4 6.86401-3 1.71101+0 7.70771-1 6.74221+0 6.70251+0 4.29911+0
5 8.16001-3 1.82901+0 8.03571-1 7.4949140 4.88773+0 4.16551+0
6 9.93301-3 1.87108+0 8.1250-1 7.50011+0 6.38471+0 3.76841+0
7 1.14101-2 1.97901+0 8.38761-1 7.83611+0 5.79681+0 3.26311+0
8 1.29301-2 2.11201+0 8.68991-1 8,31121+0 5.21161+0 2.76741+0
9 1.45301-2 2.18701+0 8.$2771-1 8.29191+0 4.55091+0 2.32671+0
10 1.61S0-2 2.26901+0 8.98231-1 8.00231+0 3.69331+0 1.82011+0
11 1.77401-2 2.35101+0 9.13201-1 7.66601+0 2.96651+0 1.41141+0

12 1.92601-2 2.42701+0 9.25991-1 7.14141+0 2.27461+0 1.04771+0
13 2.08901-2 2.47401+0 9.3204 1- 5.95861+O 1.47381+0 6.67151-1
14 2.23201-2 2.50001+0 9.3512-1 5.04811+0 1.01701+0 4.56521-1

D 15 2.38501-2 2.510090 9.36501-1 3.36991+0 4.48481-1 2.01651-1
16 2.53701-2 2.5301Z+0 9.37591-1 2.60840 2.60241-1 1.10991-1
17 2.69201-2 2.52301+0 9.3640-1 1,2599+0 1.29620-1 5.82741-2

13 2.3460-2 2.54001+0 9.39371-1 9.73081-1 3.61781-2 1.6289&-2
19 2.9900-2 2.53001+0 9.38380-1 8.0829-1 2.88561-2 1.31691-2



8702-C-3 12L-5

87020501 Jayaras/rormica/Saits Turbulence Data

1 --6.35001-02 UTAU - 2.26571+01 RHOW - 2.86111-01 UIZF - 5.8099Z+02 NUIV- 1.74825-05

I y N U (RU) R U'2 U'2
UIUF SW UT RV UT2 UT2

1 1.9800-3 1.64302+0 1.60705-1 5.90041+O 5.8962+0 3.8888+0
2 2.7470-3 1.73701+0 7.87661-1 5.14531+0 3.8099E+0 2.4050E+0
3 3.6930-3 1.82101+0 8.10451-1 5.37695+0 3.58019+0 2.16561+0
4 4.54609-3 1.89609+0 8.29451-1 5.65975+0 3.52805+0 2.08691+0
5 5.1350Z-3 1.94705+0 8.41791-1 5.76445+0 3.3790E+0 1.96641+0
6 5.50805-3 1,97505+0 8.48361-1 5.7528E+0 3.21745+0 1.85421+O
7 6.16405-3 2.01301+0 8.57121-1 5.68885+0 2.95359+0 1.6763+0
8 6.59401-3 2.04005+0 8.6328-1 5.95825+0 3.0971]+0 1.7387+0
9 7.45205-3 2.08901+0 8.73735-1 6.03315+0 2.92301+0 1.60441+0
10 7.88701-3 2.11705+0 8.79805-1 6.16531+0 2.90681+0 1.57531+0
11 8.33101-3 2,1470E+0 8.86071-1 6.24221+0 2.83861+0 1.51991+0
12 9.32701-3 2.21005+0 8.9901Z-1 6.50355+0 2.7775Z+0 1.44931+0
13 1.01301-2 2.25305+0 9.06975-1 6.58321+0 2.65013+0 1.35665+0
14 1.10001-2 2.29801+0 9.1547t-1 6.90482+0 2.70035+0 1.3523R10
15 1.18105-2 2.34005+0 9.Z2891-1 7.0026R+O 2.58901+0 1.27145+0
16 1.25101-2 2.37805+O 9.29351-1 7.30121+0 2.64471+0 1.27671+0
17 1.33901-2 2.42801+0 9.37915-1 7.52131+0 2.57831+0 1.21361+0
18 1.44008-2 2.47608+0 9.45871-1 7.6083100 2.43288+0 1.11841+0
19 1.53505-2 2.51405+0 9.51542-1 7.58641+0 2.27305+0 1.02648+0
20 1.63701-2 2.56801+0 9.59901-1 1.80240+0 2.20125+0 9.69431-1
21 1.73901-2 2.62301+0 9.67965-1 7.89538+0 2.06308+0 8.86588-1
22 1.84005-2 2.67001+0 9.74431-1 7.85828+0 1.90145+0 8.01691-1
23 1.93505-2 2.71605+0 9.80705-1 7.52901+0 1.62791+0 6.74805-1
24 2.02908-2 2.75501+0 9.85771-1 7.37451+0 1.47461+0 6.03021-1
25 2.13001-2 2.79203+0 9.90158-1 6.7243%+0 1.16115+0 4.68681-1
26 2.23301-2 2.82701+0 9.94138-1 6.44688+0 1.01465+0 4.04421-1
27 2.32805-2 2.85208+0 9.97028-1 5.2277%+0 6.43315-1 2.54341-1
28 2.43001-2 2.8720Z+0 9.99018-1 4.97941+0 5.66821-1 2.22471-1
29 2.53108-2 2.8840C+0 1.00008+0 4.07158+0 3.73271-1 1.46115-1
30 2.63208-2 2.89101+0 1.00001+0 3.71385+0 3.07921-1 1.20471-1

D 31 2.74808-2 2.89901+0 1.00001+0 2.50415+0 1.37418-1 5.32445-2
32 2.84901-2 2.90701+0 1.00108+O 1.78521+0 6.93221-2 2.68821-2
33 2.95001-2 2.90805+0 1.00105+0 1.58985+0 5.51385-2 2.14731-2

87020507 Jayaram/?ormica/Saits Turbulence Data

X - 1.5240Z-01 UTU = 1.84025+01 38OW = 4.10921-01 UIMF - 5.80995+02 NUEW- 1.7764Z-05

I T N U (RU)' R U'2 U-2
UINY 8V UT RV UT2 UT2

1 5.95001-3 1.49905+0 7.16478-1 9.31499+0 1.90855+1 1.36211+1
2 6.82901-3 1.54208+0 7.29965-1 9.88708+0 2.01625+1 1.4240+1
3 7.90205-3 1.59505+0 7.45945-1 1.03601+1 2.03305+1 1.4105E1+
4 9.00105-3 1.65908+0 7.65029-1 1.06788+1 1.94411+1 1.31791+1
5 1.00901-2 1.7280Z+0 7.84605-1 1.14715+1 2.00028+1 1.31879+1
6 1.1200-2 1.80401+0 8.04981-1 1.11911+1 1.67361+1 1.06841+1
7 1.22701-2 1.89101+0 8.27061-1 1.19141+1 1.63801+1 1.00781+1
8 1.33501-2 1.96501+0 8.44941-1 1.09121+1 1.21121+1 7.21621+0
9 1.44501-2 2.03801+0 8.61821-1 9.85861+0 8.74425+O 5.04643+0
10 1.55401-2 2.09305+0 8.73715-1 1.00725+1 8.30429+0 4.67375+0
11 1.66405-2 2.14405+0 8.84205-1 8.48145+0 5.41571+0 2.98401+0
12 1.76501-2 2.17301+0 8.89801-1 6.91601+0 3.43235+0 1.86971+0

0 13 1.86505-2 2.19805+0 8.94395-1 5.82885+0 2.34563+0 1.26715+0
14 1.96809-2 2.21301+0 8.96791-1 4.02155+0 1.08951+0 5.84901-1
15 2.07205-2 2.22305+0 8.98291-1 3.06385+0 6.23291-1 3.33891-1
16 2.18001-2 2.22701+0 8.98495-1 2.35091+0 3.65429-1 1.95871-1
17 2.28803-2 2.23109+0 8.98691-1 1.65655+0 1.80565-1 9.67691-2
18 2.38405-2 2.23401+0 8.98891-1 1.43575+0 1.35351-1 7.26901-2
19 2.48505-2 2.23501+0 8.98391-1 7.09885-1 3.31251-2 1.78285-2
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87020511 Jayaraa/Foraica/Smits Turbulence Data

X = 2.54001-01 UTAU - 2.0336X+01 RHOW = 8.33011-01 UINF = 5.8099E+02 UIEW= 1.7905E-05

I Y U (RU)' R U'2 U'2
UIF RV UT RN UT2 UT2

1 1.19001-3 1.34901+0 6.7158E-1 1.0659E+1 3.1309E+1 2.3236E+1
2 2.1000E-3 1.4730E+0 7.1496E-1 6.79651+0 1.0476E+1 7.4681E+0
3 3.2020E-3 1.5350E+0 7.35091-1 6.0308E+0 7.47021+0 5.21311+0
4 4.30201-3 1.5650E+0 7.4405K-i 6.3117E+0 7.7976E+0 5.3861E+0
5 5.3810E-3 1.59901+0 7.5421E-1 6.39391+0 7.6562EO 5.2789E+0
6 6.4670-3 1.6200E+0 7.6015E-1 6.53131+0 7.7827E+0 5.3671E+0
7 7.5860E-3 1.66001+0 7.7183E-1 6.6220E+0 7.5148E+O 5.12481+0
8 8.6790E-3 1.68001+O 7.77471-1 6.70001+0 7.4627E+0 5.06181+0
9 9.7750E-3 1.7160E+0 7.8723E-1 7.19201+0 8.09521+0 5.4123E+0
10 1.0840E-2 1.7470E0 7.9538E-1 7.2790E+0 7.8794EO 5.2049E+0
11 1.19301-2 1.7900E+0 8.06861-1 7.4448E+0 7.66361+0 4.9735E+0
12 1.300E-2 1.8230E+0 8.1531E-1 7.3191E+0 7.1554E+0 4.67741+0
13 1.4090E-2 1.8710E+0 8.2749E-1 6.5310E+0 6.12051+0 4.5661E+0
14 1.520O-2 1.91901+0 8.3907E-1 5.73071+0 5.0334E+0 4.2615E+0
15 1.6270E-2 1.96601+0 8.5014E-1 5.13561+O 4.28791+0 4.0862E+O
16 1.73701-2 2.00301+0 8.58491-1 4.08071+0 2.89511+0 3.09381+0
17 1.8450E-2 2.04701+0 8.6826E-1 3.5978E+0 2.3512E+0 2.77201+0

18 1.95401-2 2.0710E+0 8.7309E-1 3.33201+0 2.16071+0 2.81291+0
19 2.0650E-2 2.10901+0 8.80841-1 2.8154E+0 1.52971+0 2.0702E+0
20 2.17401-2 2.12501+0 8.83861-1 2.12471+0 8.81691-1 1.2312E+0

D 21 2.28401-2 2.1410E+0 8.8688E-1 1.8124E+0 6.0758E-1 8.2046E-1
22 2.39301-2 2.15801+0 8.89601-1 1.6831E+0 5.0535E-1 6.7176E-1
23 2.5000E-2 2.16201+0 8.89801-1 1.22111+0 2.61901-1 3.4443E-1
24 2.607O1-2 2.1650E+0 8.8990E-1 9.19501-1 1.4739E-1 1.9313E-1
25 2.7150E-2 2.16501+0 8.89291-1 6.2369E-1 6.7946E-2 8.9206E-2
26 2.8260E-2 2.1650E+0 8.8859E-1 6.6694E-1 7.7604E-2 1.0176E-1
27 2.93501-2 2.1650E+0 8.8788E-1 4.66471-1 3.7961E-2 4.97701-2
28 3.04501-2 2.16101+0 8.8688E-1 3.9573E-1 2.7559E-2 3.6279E-2
29 3.15401-2 2.15701+0 8.85871-1 3.28911-1 1.9174E-2 2.5288E-2
30 3.26301-2 2.15301+0 8.8507E-1 2.4158E-1 1.04241-2 1.37911-2
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